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Abstract 
 
Human grip is commonly used in sport and recreational activities and involves the coordinated 
activation of forearm muscles. Lateral epicondylalgia (LE) is a common musculoskeletal disorder that 
involves pathology of the tendon of extensor carpi radialis brevis (ECRB) at its insertion onto the lateral 
epicondyle of the humerus. LE presents clinically as pain provoked by gripping activities and has a 
major impact on function. This results in days off work and time off sport. Despite considerable 
research into the pathophysiology of LE, it remains poorly understood whether forearm muscles activity 
is altered during gripping in individuals with LE. This thesis aimed to comprehensively understand the 
extent of current knowledge and provide new data of activity of the wrist/forearm muscles in LE. 
Study 1 clarifies the current understanding of muscle activity in LE by way of systematic review 
with quantitative analysis. This review identified that studies of individuals with LE revealed altered 
motor unit morphology, abnormal patterns of muscle activity during resisted wrist extension and tennis 
strokes, fewer cortical peaks and less distance between cortical representation of muscles (mapped with 
transcranial magnetic stimulation), and delayed activation of wrist extensor muscles during gripping, 
when contrasted to pain-free controls. The latter finding was also present on the asymptomatic limb. 
Importantly, this systematic review identified limited understanding of gripping despite the clinical 
importance of this task in provocation of LE. The only study that had investigated muscle activity 
during this task had severe limitations that compromise the interpretation of the results. Limitations 
included the use of surface electromyography (which does not record from individual muscles), and 
performance of sustained contraction with high grip force (50% maximum voluntary contraction), which 
is likely to be provocative of pain in some individuals with LE.  
On the basis of some evidence of sensorimotor changes in the asymptomatic limb of individuals 
with unilateral LE, Study 2 was conducted as a systematic review with meta-analysis to determine the 
extent bilateral differences in sensorimotor function between individuals with unilateral tendinopathy 
and pain-free controls. Study 2 identified evidence for several sensory and motor system differences, 
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and evidence for tendon pathology in the asymptomatic limb of individuals with other unilateral 
tendinopathies (Achilles tendinopathy) but not LE when contrasted to pain-free controls.  
On the foundation that tendon pathology was present in asymptomatic limb of individuals with 
Achilles tendinopathy, Study 3 investigated whether there was a greater prevalence of tendon pathology 
of the asymptomatic common extensor tendon of individuals with LE than pain-free controls. Unlike the 
findings in the Achilles tendon, Study 3 did not identify greater tendon pathology in the asymptomatic 
limb of individuals with unilateral LE than that present in the tendons of pain-free individuals. 
As no studies had explored specific muscle activation during a low level grip, Study 4 compared 
the contribution of forearm muscle activity to gripping between the symptomatic and asymptomatic 
sides in individuals with unilateral LE and pain-free individuals. This study highlighted altered muscle 
activity in LE characterised by a lower contribution of ECRB in the symptomatic arm and a greater 
contribution of extensor digitorum communis (EDC) and flexor digitorum profundus (FDP) to total 
EMG bilaterally, in individuals with LE than pain-free individuals. Modified distribution of activity 
between the synergist wrist extensor muscles ECRB and EDC has potential to impact on the functional 
performance of grip. The strategy used by individuals with might compromise efficient grip as finger 
flexor muscles (FDP) would need to overcome finger extensor muscle activity (EDC). Although 
potentially negative for grip, the different motor pattern could have consequences for ECRB pathology 
by unloading the muscle. This could provide a benefit of pain reduction, but also potential negative 
effects from stress shielding of the tendon. 
Study 5 investigated potential differences in muscle synergies (defined as groups of muscles 
working together to simplify central nervous system processing) between individuals with LE and pain-
free individuals. For both groups, analysis with non-negative matrix factorization identified two muscle 
synergies involved in control of forearm muscles during repetitive gripping. Comparison between 
groups indicated the variance accounted for by the muscle synergies was lower in the LE group than 
pain-free individuals, which suggests more variation in muscle activation pattern for that group. 
The studies outlined in this thesis identified differences in the control of forearm muscles 
between individuals with and without LE. The findings imply that EDC provides a greater contribution 
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and ECRB a lesser contribution to the gripping task in individuals with LE than pain-free controls. 
Given the cross-sectional study design it is not possible to clarify whether the differences preceded or 
followed LE, but in both cases rehabilitation of muscle activation is likely to be beneficial for recovery. 
Clinical interventions to modify forearm muscle activity may provide clinical benefit, but future 
research is needed to determine whether altered muscle activity can be changed and whether this 
improves outcomes. 
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 1 
 Introduction 
 
Musculoskeletal disorders affect approximately one-third of the Australian population, and are 
the fourth leading cause of health care expenditure, with an estimated direct cost of over $4.0 billion 
annually (Australian Institute of Health and Welfare, 2013). Industrialisation of modern society has 
resulted in prolonged exposure to repeated tasks (e.g. typing on a keyboard). This has contributed to the 
increased incidence of work-related musculoskeletal injuries and the creation of a new family of 
disorders known as “repetitive strain injuries”. Information from the Bureau of Labor Statistics News 
(2001) highlighted that 65% of all occupational disorders were attributed to repetitive motion. In the 
United States of America, in 2013, work-related musculoskeletal disorders occurred at a rate of 35.8 
days-away-from-work per 10,000 full time workers and required a median of 11 days to recover before 
returning to work (Bureau of Labor Statistics News, 2013). Along with DeQuervain’s tenosynovitis, 
lateral epicondylalgia, and carpal tunnel syndrome, conditions affecting the muscles of the forearm and 
elbow are the most commonly reported work-related musculoskeletal disorders of the upper limb (Barr 
& Barbe, 2002). Conditions affecting the hand and wrist (e.g. carpal tunnel syndrome, lateral 
epicondylalgia) have been shown to cause the longest absenteeism from occupational settings and the 
greatest loss of occupational productivity and wages (Barr, Barbe, & Clark, 2004). A better 
understanding of upper limb work-related musculoskeletal disorders is essential to improve 
occupational health and productivity.  
Lateral epicondylalgia (LE), commonly referred to by its lay-term “tennis elbow”, is a 
musculoskeletal disorder affecting the tendinous origin of the extensor carpi radialis brevis (ECRB) 
muscle at its attachment to the lateral epicondyle of the humerus (Nirschl, 1992). LE’s association to 
tennis was first described more than 130 years ago where the condition was observed in players of 
English lawn tennis (Major, 1883). Although the lay person might presume that playing tennis is the 
most common cause of “tennis elbow”, individuals at the greatest risk of developing LE are those who 
use a combination of high force, high repetition and suboptimal wrist postures in their occupations 
(Descatha, Dale, Silverstein, Roquelaure, & Rempel, 2015; Dimberg, 1987; Haahr & Andersen, 2003; 
 2 
Shiri, Viikari-Juntura, Varonen, & Heliövaara, 2006; Viikari-Juntura et al., 1991). This highlights the 
primary occupational nature of the disorder. 
Despite the long history of investigation of LE, there is little consensus on effective 
management. Typically LE presents clinically as pain over the lateral epicondyle of the humerus during 
gripping and manipulation of objects within the hand (Coombes, Bisset, & Vicenzino, 2009a). Although 
the clinical presentation is relatively simple, this is overshadowed by the incomplete understanding of 
its aetiology and association with changes in the sensory and motor systems. Surprisingly, despite the 
strong association between LE and pain with gripping, no published research has examined how the 
motor system controls (i.e. neuromuscular control) the wrist and hand during gripping in individuals 
with current or recovered LE. This is an obvious gap in the literature. The potential role of changes in 
the motor system during this task would be likely to provide insight into the clinical presentation and 
management of this condition. The overall objective of this thesis was to comprehensively understand 
the extent of current knowledge and provide new data of muscle activity and coordination of the 
wrist/forearm muscles in LE. 
 
  
 3 
 Background  
 
This chapter broadly describes the multifactorial nature of LE. The proposed pathophysiology, 
sensory system changes and motor system impairments are discussed. The gaps in the literature to be 
addressed in this thesis are highlighted. This section describes the lack of consensus around motor 
system impairments in individuals with LE, and introduces the aims of the thesis.  
 
2.1. Lateral epicondylalgia 
The term “lawn-tennis elbow” was first used to described pain over the lateral epicondyle of the 
humerus more than 130 years ago (Kaminsky & Baker Jr, 2003; Major, 1883). Since then, the term LE 
has been used to describe pain over the lateral epicondyle during gripping and manipulation of objects 
within the hand (Coombes et al., 2009a). Today, LE is a prevalent musculoskeletal condition affecting 
approximately 1 to 4% of the general population (Shiri et al., 2006; Verhaar, 1994; Walker-Bone, 
Palmer, Reading, Coggon, & Cooper, 2004), and up to 14% of factory workers (Chiang et al., 1993; 
Ono et al., 1998). LE has a substantial impact on society and is associated with high socioeconomic 
costs (Silverstein, Welp, Nelson, & Kalat, 1998), and days off work (Silverstein, Viikari-Juntura, & 
Kalat, 2002).  
Typically LE affects the dominant arm of men and women equally, between the ages of 35 and 
54 years (Bot et al., 2005; Garden, 1961; Hamilton, 1986; Shiri et al., 2006; Smidt et al., 2006). LE is 
notoriously difficult to treat with evidence suggesting that spontaneous healing does not occur 
(Pienimäki, Karinen, Kemilä, Koivukangas, & Vanharanta, 1998). Stereotypically, symptoms last 
between 6 and 24 months (Hudak, Cole, & Haines, 1996), but continued exposure to repetitive tasks 
during treatment (e.g. computer use) is associated with prolonged pain and disability (Waugh, Jaglal, & 
Davis, 2004). Evidence from a clinical trial suggests that a high percentage of patients (89%) report 
recovery around 1 year (Smidt et al., 2006), but this data is based only on participants who met the 
inclusion criteria for the clinical trial and is not based on population data. Clinically, LE presents as pain 
over the lateral epicondyle, which is provoked by direct palpation, resisted wrist and/or middle finger 
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extension, and gripping activities. The latter also manifests as weaker grip strength. Although LE has a 
relatively simple clinical presentation the pathophysiology appears more complex. A recent review 
proposes a multifactorial model of LE with three inter-related components of; (i) local tendon 
pathology, (ii) sensory system changes (related to the perception of pain), and (iii) motor system 
impairments (Coombes et al., 2009a). LE is heterogeneous in nature and it is likely that each individual 
has an unique combination of these components.  
 
2.2. Tendon pathology 
Several theories have been proposed to explain the pathophysiology of tendinopathy and each 
case of LE is likely to be individual-specific in terms of tendon pathology. Broadly, tendon pathology 
can be viewed from two perspectives; the pathophysiology assessed by biopsy and microscopy, and the 
structural changes assessed by diagnostic imaging (e.g. usually musculoskeletal ultrasound (MSUS) 
imaging, magnetic resonance imaging (MRI)).  
The pathophysiology of tendinopathy is debated. Historically, tendinopathy was thought of as an 
inflammatory condition and the term “tendonitis” was originally used. More recent studies have 
identified a lack of inflammatory markers suggesting the process is one of “degeneration” or 
“dysfunctional healing” (Fredberg & Stengaard-Pedersen, 2008; Nirschl, 1992; Regan, Wold, Coonrad, 
& Morrey, 1992), although this is being revisited (Dakin, Dudhia, & Smith, 2014; Millar et al., 2010). 
Macroscopic analysis of the symptomatic tendon demonstrates a discolouration (grey or yellow-brown) 
and amorphous appearance, compared to the well-organised, glistening white of normal tendon 
(Karlsson, Kalebo, Goksor, Thomee, & Sward, 1992; Khan, Cook, Bonar, Harcourt, & Åstrom, 1999; 
Raatikainen, Karpakka, Puranen, & Orava, 1994). Histological analysis under microscopy has identified 
key features associated with tendon degeneration, including an increase in tenocyte numbers and type III 
collagen fibres predisposing the tendon to injury (Maffulli, Ewen, Waterston, Reaper, & Barrass, 2000). 
Additionally, studies have identified an increase in ground substance with a high concentration of 
glycosaminoglycans and proteoglycans (Movin, Gad, Reinholt, & Rolf, 1997; Xu & Murrell, 2008); and 
vascular and neural hyperplasia, commonly referred to as neovascularisation (Khan et al., 1999; Movin 
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et al., 1997; Xu & Murrell, 2008). Collectively these changes have been termed “angiofibroblastic 
hyperplasia” (Nirschl, 1992), which highlights the neovascularisation (angio) and increase cellularity 
(fibroblastic) (Khan et al., 1999). From a structural-pathology perspective tendon pain is thought to arise 
from pathology within the tendon (discussed in detail in section 2.3).  
Microscopic and macroscopic changes been confirmed in other tendinopathies (e.g. patella, 
Achilles tendinopathy (Tan & Chan, 2008), rotator cuff tendinopathy (Lewis, Raza, Pilcher, Heron, & 
Poloniecki, 2009)), as well as studies using an animal model of exercise-induced tendinopathy, showing 
an increase in cell numbers, and vascularisation (Andersson et al., 2011; Barbe et al., 2003; Barr, Safadi, 
Garvin, Popoff, & Barbe, 2000). An interesting and thought provoking observation is one of increased 
cells and vascularisation in the non-exercised limb in the animal model of exercise-induced 
tendinopathy, suggesting bilateral changes in unilaterally exercised animals (Andersson et al., 2011; 
Barbe et al., 2003; Barr et al., 2000).  
Structural changes within the tendon are used clinically to diagnose tendinopathy as it is 
generally not possible to take invasive biopsies. MSUS imaging is often used to investigate structural 
changes as it provides a quick, inexpensive and non-invasive image of the tendon. Ultrasonography can 
be used in two ways; 1) assessing for greyscale changes including, tendon thickening, hypoechoic 
regions, fibrillar disruption and calcification (Fredberg et al., 2004; Kulig et al., 2013), and 2) assessing 
for neovascularisation using Power Doppler imaging (du Toit, Stieler, Saunders, Bisset, & Vicenzino, 
2008). Although structural tendon changes are commonly found in the symptomatic tendon (Clarke, 
Ahmad, Curtis, & Connell, 2010; De Zordo et al., 2009), recent evidence has shown there may be 
tendon abnormality in the asymptomatic tendon. Using MSUS imaging, a study by Grigg, Wearing, and 
Smeathers (2012) identified greater thickness and less echogenicity than pain-free controls in the 
asymptomatic tendon of individuals with unilateral Achilles tendinopathy. A limitation of that study was 
the lack of sonographer blinding, which may have influenced the collection and interpretation of 
images.  
In terms of LE, there is overwhelming agreement that the common extensor tendon of the 
forearm, particularly the ECRB portion, plays a central role in LE (Coonrad & Hooper, 1973; Cyriax, 
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1936; Lieber, Ljung, & Fridén, 1997; Nayak et al., 2010; Nirschl, 1992; Regan et al., 1992). In a study 
of surgical release for individuals with LE, Nirschl (1992) identified angiofibroblastic hyperplasia in the 
ECRB tendon, which was characterised by an increase in fibroblasts numbers, disorganised and 
immature collagen fibres and an absence of inflammatory cells. This altered pathology observed in LE 
is thought to be the location of the nociceptive stimulus, which is interpreted in the cortex as pain. 
Features of tendinosis have been identified in the symptomatic arm of individuals with LE using MSUS 
imaging including tendon fibrillar disruption, and neovascularisation (du Toit et al., 2008; Krogh, 
Fredberg, Christensen, Stengaard-Pedersen, & Ellingsen, 2013; Lee et al., 2011). The asymptomatic 
side has not been studied in LE. On the basis of the animal and human studies showing bilateral changes 
in unilateral tendinopathy, it is reasonable to predict that tendon changes may be bilateral in LE, but no 
studies have investigated this (Study 3, see Chapter 7).  
 
2.3. Sensory system changes (nociception and pain) 
Individuals with LE typically report pain at the lateral epicondyle of the humerus during grip 
(Coombes et al., 2009a). Although the pain mechanisms involved in LE are not yet completely 
understood (Fredberg & Stengaard-Pedersen, 2008), most authors agree that the origin of nociceptive 
stimulation is the common extensor tendon, in particular the ECRB tendon of the elbow, due to tissue 
damage within the tendon (Kraushaar & Nirschl, 1999; Nirschl, 1992; Nirschl & Ashman, 2003). 
Current theories of tendon pain mechanisms include nociceptive stimulation through biochemical 
substances such as, glutamate, substance P, and other irritants (Benazzo, Stennardo, & Valli, 1996; 
Gold, 1999; Khan et al., 1996). These biochemical substances are nociceptive neurotransmitters and are 
released during tissue injury. In addition, the identification of nerve fibres alongside blood vessel within 
the tendon (Danielson, Alfredson, & Forsgren, 2006) have been suggested to maintain ongoing 
nociceptive input (Alfredson, Öhberg, & Forsgren, 2003). Nerve endings and chemical mediators within 
the tendon, lead to a heightened responsiveness of sensory (nociceptive) nerves at the site of injury, 
known as peripheral sensitisation (Latremoliere & Woolf, 2009). This is thought to limit the use of 
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painful structures and protect the injured tissues from further damage (Nijs, Van Houdenhove, & 
Oostendorp, 2010).  
In addition to changes observed in the periphery, persistent pain can lead to an altered pain 
processing in the central nervous system (CNS), known as central sensitisation. The mechanisms 
underlying central sensitisation involve changes in pain processing and amplification of 
pain/nociceptive signal at supra-spinal regions (Staud, Craggs, Robinson, Perlstein, & Price, 2007) and 
in the spinal cord (Yunus, 2007) (for detailed explanation see Arendt-Nielsen and Henriksson (2007); 
Latremoliere and Woolf (2009)). One such processes involves convergence of noxious (A-delta and C-
fibres) and non-noxious (A-beta) peripheral inputs on the wide dynamic range neurons in the dorsal 
horn (Yunus, 2007). This process is thought to underlie an increased sensitivity to noxious 
(hyperalgesia) and normally non-noxious stimuli (allodynia). This results in an increased responsiveness 
to a variety of peripheral inputs such as, mechanical pressure, cold, heat, chemical substances and 
electrical stimuli (Nijs et al., 2010). Central sensitisation is also thought to alter efferent information 
such as descending inhibition. One study (unpublished data, Doctorate of Philosophy (Lim, 2013b)) 
showed that individuals with LE have an altered conditioned pain modulation (CPM). CPM studies the 
principle that pain inhibits pain and provides insight into the pain modulatory processes. This is thought 
to particularly involve the descending pain inhibitory mechanism(s). CPM is studied by measuring a 
pain threshold to a test stimulus (e.g. pressure pain thresholds, cold pain thresholds) with and without 
the application of a painful conditioning stimulus in another region of the body (e.g. cold pressor test, 
heat stimulus, arm ischemia) (Lewis, Rice, & McNair, 2012). Unlike controls, participants with LE do 
not experience less pain from the test stimulus in the presence of the conditioning stimulus, that is they 
failed to demonstrate the expected endogenous inhibition, which suggests modified function of the pain 
system (Lim, 2013b).  
Quantitative sensory testing has been used to try to better understand the pain processing 
mechanism in LE (Coombes et al., 2009a). Individuals with LE show mechanical hyperalgesia (lower 
threshold at which a mechanical stimulus becomes painful), with evidence demonstrating a 45-54% 
lower pressure pain thresholds over the lateral epicondyle of the symptomatic arm than the 
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asymptomatic arm (Pienimäki, Tarvainen, Suiira, Malmivaara, & Vanharanta, 2002; Vicenzino, 
Paungmali, Buratowski, & Wright, 2001; Wright, Thurnwald, O'Callaghan, Smith, & Vicenzino, 1994; 
Wright, Thurnwald, & Smith, 1992). Recent evidence has demonstrated a similar effect in heat pain 
thresholds (Ruiz-Ruiz, Fernández-de-Las-Peñas, Ortega-Santiago, Arendt-Nielsen, & Madeleine, 2011), 
and cold pain thresholds (Coombes, Bisset, & Vicenzino, 2012b; Fernández-Carnero et al., 2009b) 
between the symptomatic and asymptomatic arm. An interesting and thought provoking finding is 
mechanical (Slater, Arendt-Nielsen, Wright, & Graven-Nielsen, 2005), and thermal hyperalgesia 
(Coombes et al., 2012b), between the asymptomatic arm of individuals with unilateral LE and pain-free 
controls. Many studies have investigated sensory changes in LE, but interpretation of the data is 
complicated by studies of varying methodological quality, different measures (e.g. mechanical and 
thermal thresholds) and different comparisons (e.g. symptomatic vs. asymptomatic, and LE vs. pain-free 
controls). These issues are not trivial and could lead to contrasting and potentially erroneous 
interpretation. On this basis it was critical to undertake a comprehensive review with precise inclusion 
criteria (e.g. comparison with pain-free control) and detailed consideration of quality of the studies. In 
order to derive robust conclusions the analysis of existing data is best undertaken using formal 
systematic review methodology, with meta-analysis (if possible) (Study 2, see Chapter 4).  
From a motor perspective it is well known that pain affects the way we move (Hodges & 
Tucker, 2011). Previous work in individuals with chronic Achilles tendon pain has shown an altered 
muscle activation during gait compared to pain-free controls (Azevedo, Lambert, Vaughan, O'Connor, 
& Schwellnus, 2009; Baur et al., 2004; Baur et al., 2011; Franettovich Smith, Honeywill, Wyndow, 
Crossley, & Creaby, 2014; Wyndow, Cowan, Wrigley, & Crossley, 2010). Alternatively, individuals 
with chronic rotator cuff tendon pain do not reveal differences in muscle activity during shoulder 
movement (e.g. abduction, internal and external rotation) compared with pain-free controls (Brox, Røe, 
Saugen, & Vøllstad, 1997; Michaud, Arsenault, Gravel, Tremblay, & Simard, 1987). This suggests that 
the presences of nociceptive stimulus might not be the only factor that could influence the motor 
system. Other factors such the presences of pathology (discussed above, resulting in weakness/lower 
stiffness of the structures), psychosocial factors (Bongers, Kremer, & Laak, 2002), or altered afferent 
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sensory input (e.g. proprioception) (Juul-Kristensen et al., 2008) might likely play a role in influencing 
the motor outputs of individuals with chronic pain. Despite several studies investigating how pain 
affects the coordination of muscle activity and in other tendinopathies (e.g. Achilles, patellar, rotator 
cuff) little is known about how muscle activity differs between individuals with LE and pain-free 
control (Study 1, see Chapter 3).  
 
2.4. Sensorimotor system  
LE is associated with changes of the sensorimotor system, when contrasted to that of a pain-free 
control. Compared to pain-free controls, individuals with LE have shown less force production during 
gripping (Alizadehkhaiyat et al., 2007; Pienimäki, Süra, & Vanharanta, 1997b; Pienimäki et al., 2002; 
Slater et al., 2005) resisted wrist flexion and extension (Alizadehkhaiyat, Fisher, Kemp, Vishwanathan, 
& Frostick, 2007; Slater et al., 2005), resisted elbow flexion and extension (Coombes, Bisset, & 
Vicenzino, 2012a), resisted shoulder abduction and internal and external rotation (Alizadehkhaiyat et 
al., 2007), and during resisted metacapophalangeal joint flexion (MCP) (Alizadehkhaiyat et al., 2007). 
Interestingly, compared to pain-free controls individuals with LE do not show differences in maximal 
force production for MCP joint extension, which is performed by extensor digitorum communis (EDC) 
(Figure 2-1) (Alizadehkhaiyat et al., 2007). This suggest that individuals with LE maintain the strength 
of EDC despite generally less force production in the upper limb compared to pain-free controls. 
Individuals with LE grip with less wrist extension than pain-free control (i.e. closer to neutral) (Bisset, 
Russell, Bradley, Ha, & Vicenzino, 2006b), which suggests an altered biomechanics. This altered wrist 
position might represent a conscious decision which enables a reduction in pain at the lateral elbow. 
Alternatively, it could represent a subconscious output of the CNS to alter the mechanics, which might 
spare the ECRB, either due to weakness or pain provocation (discussed above). Furthermore, this might 
be due to a dysfunctional ECRB muscle, with evidence showing the appearance of “moth-eaten” fibres 
and necrotic tissue, compared to individuals without elbow pain (Ljung, Lieber, & Fridén, 1999). 
Individuals with LE have shown a slower reaction time and speed of movement than pain-free controls 
during a simple and 2-choice reaction time task (Bisset et al., 2006b; Pienimäki, Kauranen, & 
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Vanharanta, 1997). This might suggest an altered signal processing in the CNS or delayed temporal 
parameters. An altered elbow joint proprioception (Juul-Kristensen et al., 2008), and an altered ability to 
discriminate weight using the hand and wrist (Dessureault, Tremblay, & Bilodeau, 2008a), have both 
been identified in individuals with LE compared with pain-free controls. These likely contribute to 
altered afferent information (sensory system changes discussed in Section 2.3) and have the potential to 
affect motor output. In addition, a study of fine motor skills, using the Purdue Pegboard Test and the 
Complete Manual Dexterity Test, revealed a significantly poorer performance in the symptomatic arm 
of the LE group than age-and-gender matched controls (Skinner & Curwin, 2007). This finding 
highlights potential deficits in motor skill in individuals with LE, which could suggest an altered 
neuromuscular control system, but this is poorly understood.  
This observation of an altered wrist position during gripping (Bisset et al., 2006b), coupled with 
less force output of the wrist extensors and a maintained strength of EDC (MCP extension) 
(Alizadehkhaiyat et al., 2007), develops a hypothesis for an altered neuromuscular control in individuals 
with LE during gripping. However, it remains unknown whether muscle coordination of the wrist 
extensor muscles is modified during controlled gripping (Study 4, see Chapter 8). The observation that 
several of these sensorimotor system alterations (e.g. wrist position during gripping (Bisset et al., 
2006b), reaction time and speed of movement (Bisset et al., 2006b; Pienimäki et al., 1997) fine motor 
skills, using the Purdue Pegboard Test and the Complete Manual Dexterity Test (Skinner & Curwin, 
2007)), are present in the asymptomatic arm compared to pain-free controls strengthens the need to 
systematically review the literature for CNS involvement in the sensory and motor system of individuals 
with LE (Study 2, see Chapter 4).  
 
 11 
 
Figure 2-1 Metacarpophalangael joint extension 
 
Sensorimotor system findings, coupled with the presence of pain from the ECRB tendon during 
the activation of the wrist extensor muscles discussed above, might reflect the potential likelihood of 
changes in the coordination of forearm muscles in individuals with LE. Recordings of muscle activation 
have received little attention in this condition. Previous work comparing the symptomatic arm to the 
asymptomatic arm has failed to identify differences in the activation of forearm muscles during resisted 
wrist flexion and extension (Blanchette & Normand, 2011). If sensory and motor system impairments 
do occur bilaterally, than comparison to the asymptomatic arm would be problematic. Other studies 
investigating neuromuscular control in individuals with LE compared to pain-free controls are difficult 
to interpret due to a variety of tasks and outcome measures assessed and because of flaws in their 
methods. For example, one study investigated the temporal parameters of the wrist extensor muscles 
during the initiation of grip force, and claimed that they were assessing electromechanical delay (EMD) 
(Chourasia et al., 2012). Another study investigated the change in root mean squared (RMS) amplitude 
over time, normalised to the “start value”, analysed with linear regression between individuals with LE 
and pain-free controls (Alizadehkhaiyat et al., 2007). Although a small number of studies have 
investigated differences in muscle activity between individuals with LE and pain-free controls, the 
interpretation of data is difficult. This is due to differences in the quality of the studies, the outcome 
measures (e.g. temporal parameters, RMS amplitude), the task assessed (e.g. gripping, wrist extension), 
and comparisons (symptomatic vs. asymptomatic or LE vs. pain-free controls). These issues are critical 
to the precise interpretation of findings and prevent errors. In order to derive robust conclusions it was 
essential to undertake a comprehensive review with inclusion criteria and consideration of study quality. 
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On this basis we completed a systematic review of all studies investigating forearm muscle activity in 
LE and those without elbow pain (pain-free controls). (Study 1, see Chapter 3).  
 
2.5. Importance of human grip  
The human hand is an extraordinary instrument that allows us to interact with objects of the 
physical world. Typically, the properties of the object being grasped (e.g. size, weight, texture, and 
shape) and the purpose of the task determine how the object is held within the hand (Jones & Lederman, 
2006). The term power grip was coined in the 1950’s to describe the act of forcibly grasping an object 
with the hand (Napier, 1956). Most occupational settings and recreational activities utilise the 
cylindrical power grip (Figure 2-2) (Grieg & Wells, 2004; Wells & Grieg, 2001). This generally 
involves a large contact area between the object and the palmar surface of the hand, which makes the 
object stable and resistant to slipping, but limits the ability to manipulate the object (Jones & Lederman, 
2006).  
 
A.  B.  
Figure 2-2 An example of the cylindrical power grips, A) holding a cup, and B) holding a grip 
dynamometer. 
 
The kinesiology of the gripping is comprehensively described using a biomechanical model 
explained by Snijders, et al. (1987). In order to grasp an object an equal yet opposite force must exist 
between the extrinsic finger flexor muscles (flexor digitorum superficialis (FDS) and flexor digitorum 
profundus (FDP)) and the thumb. This activity creates a flexion moment acting on the wrist, because the 
tendons of the finger flexor muscles cross the wrist (Figure 2-3A) (Snijders et al., 1987). For the hand to 
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remain stable in an optimal position the wrist flexion moment must be counteracted by an extension 
moment produced by the wrist extensor muscles (ECRB, extensor carpi radialis longus (ECRL), 
extensor carpi ulnaris (ECU), and EDC) (Figure 2-3B) (Brand, 1974; Snijders et al., 1987). Wrist 
extensor muscle activation has been shown to increase in conjunction with increased finger flexor 
muscle activity during gripping (Radonjic & Long, 1971; Snijders et al., 1987). Thus deficits in the 
wrist extensor muscles will likely affect the biomechanics of gripping. Although the primary role of 
EDC is to extend the fingers, the tendons of this muscle cross the wrist (Saladin, 2011), which causes an 
extension moment on the wrist, and this muscle is active during gripping (Snijders et al., 1987).  
The co-ordinated control of this co-activation between finger flexor and wrist extensor muscles 
is planned and executed by the CNS. The complexity of the motor control of the forearm during 
gripping is amplified due to the large number of muscles available (many degrees of freedom) than are 
actually required (Castellini & van der Smagt, 2013). In order to simplify this complexity, one theory 
proposes the idea of muscles synergies (a.k.a motor modules), which are defined as groups of muscles 
that are activated collectively, that may reduce the many degrees of freedom controlled by the CNS 
(d'Avella & Bizzi, 2005; Overduin, d'Avella, Carmena, & Bizzi, 2012; Ting & McKay, 2007). For 
example, 3 muscle synergies have been identified during grasping of 25 different objects (variable size 
and shape) in primates (Overduin, D'Avella, Roh, & Bizzi, 2008). Although, no studies have 
investigated the activation of muscle synergies in humans during gripping, evidence has shown an 
altered organisation of muscle synergies during multi-directional horizontal reaching movements with 
and without an experimental pain stimulus in the anterior deltoid muscle (Muceli, Falla, & Farina, 
2014). On the basis of the presence of potential muscles synergies which might be altered with pain and 
the sensorimotor system changes identified in individuals with LE discussed above, it is unknown 
whether muscle synergies are altered in individuals with LE compared to a pain-free control (Study 5, 
see Chapter 9).  
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Figure 2-3 A) Flexion forces during gripping cause a flexion moment at the wrist. B) Activation of the 
wrist extensor muscles produces a counter-moment, creating equilibrium.  
 
Investigations have shown that the optimal wrist position to generate grip force occurs between 
a range of 20° to 45° extension (Claudon, 1998, 2003; Duque, Masset, & Malchaire, 1995; Li, 2002), 
with a maximal grip force achieved at 35° wrist extension (O'Driscoll et al., 1991). Grip force at angles 
other than this optimal position has been shown to be significantly weaker (Claudon, 1998, 2003; Volz, 
Lieb, & Benjamin, 1980). In a flexed wrist position, the maximal grip force is reduced by approximately 
50%, despite greater electromyography of the extensor muscles (Duque et al., 1995; Mogk & Keir, 
2003b). To understand how deficits in the wrist extensor muscles can affect the production of grip force, 
a recent study used radial nerve blockade to effectively block the nerve signals to the wrist extensor 
muscles (Suzuki et al., 2011). That study measured maximal wrist extension strength and maximal grip 
strength every five minutes during the recovery process from a radial nerve blockade. Overall, the 
correlation coefficient between wrist extension strength and grip strength was extremely high (r = 0.95 p 
< 0.0001), which suggests that wrist extension is required for the extrinsic finger flexors to work 
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maximally (Suzuki et al., 2011). This reduction in grip force in positions other than the optimal 
alignment is thought to be caused by alterations to the length-tension relationship of the agonist (finger 
flexors) and antagonists (wrist extensors) muscles (Li, 2002; Terrel & Purswell, 1976).  
Gripping is often used in a clinical setting to measure force production, as it is a functional task 
that is generally painful in individuals with LE (Lim, 2013a). Maximum grip force testing in LE, 
although infrequently investigated, has provided evidence of less force production in the symptomatic 
but not the asymptomatic arm when contrasted to pain-free controls (Alizadehkhaiyat et al., 2007; Slater 
et al., 2005). Another study revealed no difference in maximal grip force between the symptomatic limb 
and pain-free controls, but maximal grip force on the asymptomatic limb was greater than that of the age 
and sex matched pain-free controls (Bisset et al., 2006b). This finding might suggest that patients were 
stronger in the asymptomatic arm prior to inclusion into the study, or that patients have developed 
greater force production as a compensation for pain and/or reduced force in the symptomatic limb. In 
terms of clinical assessment and to measure treatment progression in LE, pain-free grip force has been 
shown to be more sensitive to change than maximum grip force (Stratford & Levy, 1994). For this 
reason it is recommended as a key clinical outcome measure for trials of treatment of LE (Lim, 2013a). 
Pain-free grip force, is defined as the threshold force at which gripping becomes painful. For 
assessment of pain-free grip force participants are required to stop gripping at the first onset of pain. In 
LE pain-free grip force is an average of 43% to 73% lower than the maximum grip force of the 
asymptomatic limb (Abbott, Patla, & Jensen, 2001; Bisset et al., 2006b; Coombes et al., 2012a, 2012b; 
Sran, Souvlis, Vicenzino, & Wright, 2002; Vicenzino et al., 2001). This is similar to the difference in 
force between pain-free grip force in individuals with LE and maximum grip force in controls without 
elbow pain (38% to 75% lower force (Bisset et al., 2006b; Chourasia et al., 2012; Coombes et al., 
2012a, 2012b)). In addition, pain-free grip force does not provoke pain during testing. Gripping at 
submaximal forces below the threshold for pain provocation (i.e. less than pain-free grip force) allows 
clinicians and researchers to minimise pain provocation during rehabilitation and investigation. Despite 
the identification of compromised grip in individuals with LE, no studies have investigated the 
recruitment of wrist and finger muscles of gripping at low levels of force (Study 4, see Chapter 8). 
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2.6. Summary 
LE is a common musculoskeletal disorder affecting millions of individual’s worldwide during 
their working years. Although the presence of pain in the lateral elbow that is provoked by gripping is 
clinically easy to identify, the accurate diagnosis of the underlying processes is complex and the basis of 
pain production is incompletely understood. In LE, local pathology occurs in the common extensor 
tendon, particularly the ECRB tendon of the symptomatic limb. Some evidence exists for bilateral 
tendon changes in an animal model of repetitive unilateral exercise and in human Achilles tendinopathy. 
This has not previously been studied in the asymptomatic arm of individuals with LE (Study 3, see 
Chapter 7). Sensory system changes result in an altered mechanical and thermal hyperalgesia, which is 
present in the symptomatic limb. The finding of deficits in the asymptomatic limb may suggest an 
ineffective endogenous pain inhibitory mechanism, and spinal cord and sensory hyper-excitability, with 
widespread CNS involvement. No studies have investigated the extent to which this is identified (Study 
2, see Chapter 4). Sensorimotor system impairments such as, less strength, altered biomechanics, altered 
proprioception, and a slower reaction time and speed of movement are present in individuals with LE 
compared to pain-free controls but neuromuscular control is poorly understood. Evidence of muscle 
activity in LE has flawed methods and is difficult to interpret. Systematic review of the literature is 
required to consider study quality and combine different methods in one place (Study 1, see Chapter 3). 
LE is characterised by pain and lower force during gripping activities. Pain-free grip force and 
submaximal grip force is used in research and clinical settings as measures of change and for 
rehabilitation. Compared to controls, individuals with LE demonstrate a similar maximal force of MCP 
joint extension, despite less strength in other muscles, suggesting that EDC strength is maintained in this 
population. This finding, coupled with the observation that individuals with LE grip with less wrist 
extension than healthy controls underpins the hypothesis that individuals with LE use the long finger 
extensors (EDC) to stabilise the wrist during gripping activities (Study 4, see Chapter 8). In addition the 
control of the forearm and wrist during gripping has been proposed to occur through synergistic 
organisation, which reduces the degrees of freedom controlled by the CNS. Given the sensorimotor 
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system impairments observed in LE it is possible that this synergistic organisation is altered in 
individuals with LE compared to pain-free controls (Study 5, see Chapter 9). 
 
2.7. Aims of thesis  
The overall objective of this thesis was to develop a better understanding of differences in the 
motor system between individuals with unilateral LE and controls with no history of elbow pain/injury. 
The specific aims of the individual studies described in the thesis were to: 
 
1. Systematically review literature investigating neuromuscular control in individuals with LE 
compared to a pain-free control. (Study 1, see Chapter 3) 
2. Systematically review literature investigating the involvement of the sensory and motor system in 
the contralateral asymptomatic arm of individuals with unilateral LE in comparison with data from 
pain-free controls. (Study 2, see Chapter 4) 
3. Investigate whether tendon pathology exists on both the symptomatic and asymptomatic limb of 
individuals with unilateral LE and whether this differs from tendons of pain-free controls. (Study 3, 
see Chapter 7) 
4. Compare the neuromuscular control of forearm muscles in both the symptomatic and asymptomatic 
arm(s) of individuals with unilateral LE and pain-free controls, during a static gripping task. (Study 
4, see Chapter 8) 
5. To investigate whether muscles synergies related to gripping differ between the symptomatic arm of 
individuals with LE, and pain-free controls during a dynamic gripping task. (Study 5, see Chapter 9) 
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Chapter 3 is adapted from the following publication 
 
Heales LJ, Bergin MJG, Hodges PW, Vicenzino B 
“Neuromuscular control of forearm muscles in lateral epicondylalgia: A systematic review with 
quantitative analysis” 
In preparation 
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  Neuromuscular control of forearm muscles in lateral epicondylalgia: 
A systematic review with quantitative analysis 
 
Studies investigating recordings of forearm muscles between individuals with LE and pain-free 
controls are difficult to interpret due to differences in outcome measures (e.g. median frequency, 
temporal parameters) and differences in tasks (e.g. resisted wrist extension, tennis stokes). This study 
systematically reviewed studies investigating recordings of activity of forearm muscles in individuals 
with LE contrasted to a pain-free control. 
 
3.1. Introduction 
LE, or tennis elbow, refers to pain at the lateral epicondyle and is characterised by pain and 
decreased strength during gripping (Coombes et al., 2009a; Lim, 2013a), which impacts on participation 
in recreational and occupational activities (Priest, Jones, & Nagel, 1974; Silverstein et al., 2002). 
Although commonly unilateral in presentation, LE is associated with bilateral changes in some elements 
of the motor system. Examples include gripping with the wrist in a less extended position than healthy 
controls (Bisset et al., 2006b), deficits in upper limb strength (Alizadehkhaiyat et al., 2007), altered fine 
motor control (measured by the Purdue Pegboard Test and Complete Manual Dexterity Test) (Skinner & 
Curwin, 2007), and slower reaction time (Bisset et al., 2006b; Pienimäki et al., 1997), and slow speed of 
movement (Bisset et al., 2006b; Pienimäki et al., 1997). This diverse array of differences in the motor 
system between individuals with and without LE is likely to be related to the modified neuromuscular 
control of forearm muscles. 
Neuromuscular control is often quantified using recordings of myoelectric activity (Konrad, 
2005; Rudroff, 2008) as a measure of the net output of the processes in the CNS. Investigation of 
neuromuscular control associated with LE is likely to aid development of an understanding of potential 
impairments in the motor system and inform the development of targeted treatments. There is evidence 
that neuromuscular control in individuals with LE differs from that of pain-free controls, but methods 
and findings are diverse. The primary aim of this study was to systematically review the literature 
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regarding changes in myoelectric activity of the forearm muscles in LE. A second aim was to determine 
whether changes in neuromuscular control of forearm muscles persist following recovery from LE, 
compared to individuals with no history of LE (LE-free controls). Human studies of using 
electromyography (EMG) recordings of forearm muscles in individuals with LE (bilateral and 
unilateral) and individuals who had recovered from LE were included in this review.  
 
3.2. Methods 
3.2.1. Search strategy  
Electronic databases (Medline – via Ovid, PubMed and Science Direct) were searched to 
identify all English-language studies for all years up to 2013 (December). Keyword, title and abstract 
information were used. Search terms were the condition of interest (e.g. tennis elbow, epicondyl*) and 
common terms used to describe neuromuscular control (e.g electromy*, emg, motor control) (wildcard 
“*” represents any letters). The reference lists of all included studies were systematically hand-searched 
to identify articles that may have been missed by the initial screening. This process included articles not 
on electronic databases, articles from networks or conferences, and theses and books. 
3.2.2. Study selection  
Upon retrieval from the above search strategy, all titles and abstracts were read to identify 
studies that included EMG outcomes in individuals with LE or recovered from LE, and comparison to 
pain-free controls. It was decided a priori that any measures of forearm muscle EMG in individuals LE 
with or recovered from LE should be included. The full text was obtained for all eligible studies. A 
detailed evaluation using pre-determined criteria based on study design, diagnosis of LE and reports of 
EMG outcome measures was undertaken. Reviews, case studies, and letters to the editor were excluded. 
Clarifications on matters of eligibility were made on discussion with another investigator. 
3.2.3. Quality assessment 
Two assessors used the modified Epidemiological Appraisal Instrument (EAI) to independently 
score the quality of the included studies (Genaidy et al., 2007). The EAI is valid and reliable for 
appraisal of observational studies (Genaidy et al., 2007). The design of the included studies precluded 
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relevance of items related to randomisation, follow up, and environmental variables and these items 
were excluded from the assessment and EAI was condensed to 33 items of a possible 43 items. Prior to 
the quality evaluation, detailed criteria to determine each response were modified from the original tool 
to match the purpose of this review and agreed upon by all investigators. A third party was consulted for 
disagreements between the two assessors. Each item was independently scored using the standardised 
scale; “Yes” (score = 1), “Partial” (score = 0.5), “No” (score = 0), “Unable to determine” (score = 0), or 
“Not applicable” (item was removed from scoring) and the average used as the indicator of the overall 
quality assessment score for each study (range 0-1). 
3.2.4. Data extraction  
Data extraction was completed by one investigator, with all queries discussed and resolved by 
all investigators. Data pertaining to the sample population and study methodology as well as the 
descriptive data of the reported EMG outcome measures were extracted. All EMG measures that 
compared participants with LE (symptomatic or asymptomatic limb) and pain-free individuals were 
included. All EMG measures were considered relevant (e.g. RMS amplitude, median frequency). 
Authors were contacted if additional information was required.  
3.2.5. Statistical methods 
The reliability of the quality assessment was evaluated using SPSS V21 software (SPSS Inc, 
Chicago, IL, USA). Kappa statistics were used to report the inter-rater reliability between the two 
assessors. Inter-rater reliability was considered as poor (<0.00), slight (0.00 to 0.2), fair (0.21 to 0.4), 
moderate (0.41 to 0.6), substantial (0.61 to 0.8), or almost perfect (0.81–1.0) (Landis & Koch, 1977). 
Meta-analysis was not possible due to heterogeneity between studies with respect to the tasks and 
outcome measures included in the studies (Table 3-1). To allow comparison between studies and 
outcome measures, the standardised mean difference (SMD) and 95% confidence interval (CI) were 
calculated and interpreted as small 0.2, medium 0.5 and large 0.8 effect size (Cohen, 1988). If the 95% 
CI did not include zero the outcome was considered statistically significant. A positive SMD reflects 
greater values in LE group than controls and vice-versa. Because of the small sample sizes of the 
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included studies, we also calculated 90% CI’s. If the 90% CI did not contain zero the outcome was 
considered to be “nearly” significant. 
 
3.3. Results 
3.3.1. Database search 
The comprehensive search strategy yielded a total of 1930 publications from electronic 
databases and hand searched reference lists (Figure 3-1). All titles and abstracts were screened and 89 
potentially relevant studies were identified. Of these, 10 satisfied the inclusion criteria and reported 
EMG outcomes in participants with LE or recovered from LE and with comparison to a pain-free 
control group. One study was excluded as it reported EMG of the hamstring muscles during the 
nociceptive flexion reflex in participants with LE (Lim, Sterling, Pedler, Coombes, & Vicenzino, 2012). 
Exclusion of this study left 9 studies that satisfied the criteria for inclusion in this review. 
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Figure 3-1 Flow chart for inclusion into the review 
 
3.3.2. Study characteristics 
Study characteristics are shown in Table 3-1. The location of the study, year of publication, 
sample size, and methodology varied widely. Three studies (34%) were conducted in the United States 
of America, two each in the United Kingdom (22%) and Canada (22%), and one each in Spain (11%) 
and Australia (11%). Two studies (22%) were conducted prior to 2000; five (56%) in the 2000s; and 
two (22%) since 2010. Sample sizes varied from 13 (Alizadehkhaiyat, Fisher, Kemp, Vishwanathan, & 
Frostick, 2009) to 48 (Calder, Stashuk, & McLean, 2008) participants. In general, the number of LE 
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participants (Total n = 114) was less than the number of controls (Total n = 130). The mean duration of 
symptoms for individuals with LE ranged from 38 (Schabrun, Hodges, Vicenzino, Jones, & Chipchase, 
2014) to 169 (Calder et al., 2008) weeks. A case-control study design was used for all studies. The 
muscles assessed using EMG differed between studies. All studies described data as either 
representative of both extensor carpi radialis (ECR) brevis and longus, or selective for ECRB. Five 
studies recorded EMG from EDC, two from ECU, and flexor carpi radialis, and one each from FDS, 
flexor carpi ulnaris (FCU), and pronator teres (PT). Only one study described EMG recording from 
ECRL separately from ECRB. Seven studies (78%) used surface electrodes alone, one study (11%) used 
intramuscular electrodes alone, and one study (11%) used both surface and intramuscular electrodes. 
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Table 3-1 Characteristics of included studies 
Author (Year) N Participants DOS 
(weeks) 
Affected 
Arm 
Task Outcome 
Measures 
Muscle 
Recorded 
Electrodes 
Alizadehkhaiyat 
et al. (2007) 
32 Controls (16) 
Symptomatic 
LE (16) 
NR D = 16 
ND = 0 
Sustained 
isometric grip 
at 50% MVC  
Root mean 
squared amplitude 
Median 
Frequency 
ECR, 
EDC, 
FCU, 
FDS 
Surface 
Alizadehkhaiyat 
et al. (2007) 
13 Controls (7) 
Previous LE 
(asymptomatic) 
(6) 
Asymptomatic 
for at least six 
months 
n/a Sustained 
isometric grip 
at 50% MVC  
Root mean 
squared amplitude 
Median 
Frequency 
ECR, 
EDC, 
FCU, 
FDS 
Surface 
Bauer et al. 
(1999) 
16 Controls (6) 
Symptomatic 
LE (10) 
NR NR Single-
handed 
backhand 
tennis volley 
Mean activation 
times 
ECRB, 
FCU, TB 
Surface 
Calder et al. 
(2008) 
48 Controls (37) 
Symptomatic 
LE (11) 
169  
(130) 
NR Resisted wrist 
extension  at 
5-10% MVC 
Needle and 
surface detected 
motor unit 
potentials 
ECRB Surface and 
Intramuscular 
Chourasia et al. 
(2012) 
39 Controls (13) 
Unilateral 
symptomatic 
LE (11) 
Bilateral 
symptomatic 
LE (15) 
104  
(26-521) 
Unilateral 
D = 11 
ND = 2 
Maximum 
isometric grip 
as rapidly as 
possible 
Temporal 
parameters 
ECR Surface 
Dessureault et 
al.(2008) 
30 Controls (16) 
Symptomatic 
LE (14) 
63 
(69) 
D = 10 
ND = 4 
Relaxation Corticomotor 
excitability 
ECR Surface 
Kelley et al. 
(1994) 
20 Controls (14) 
Symptomatic 
LE (16) 
NR NR Single-
handed 
backhand 
tennis stroke 
Root mean 
squared amplitude 
ECRB, 
ECRL, 
EDC, 
FCR, PT 
Intramuscular 
Rojas et al. 
(2007) 
20 Controls (10) 
Previous LE 
(asymptomatic) 
(10) 
Asymptomatic 
for at least 3 
months 
n/a Resisted wrist 
extension 
Average rectified 
value, median 
frequency 
ECR, 
EDC, 
ECU 
Surface 
Schabrun et al. 
(2014) 
22 Controls (11) 
Symptomatic 
LE (11) 
38.3 
(29.4) 
D = 7 
ND 4 
Relaxation  Corticomotor 
excitability  
ECRB, 
EDC 
Surface 
N – number of participants, DOS, - duration of symptoms, LE – lateral epicondylalgia, NR – not 
reported, D – dominant, ND – non-dominant, MVC – maximum voluntary contraction, ECR – extensor 
carpi radialis, EDC – extensor digitorum communis, FCU – flexor carpi ulnaris, FDS – flexor digitorum 
superficialis, ECRB – extensor carpi radialis brevis, ECRL – extensor carpi radialis longus, TB – triceps 
brachii, ECRL – extensor carpi radialis longus, FCR – flexor carpi radialis, PT – pronator teres, ECU – 
extensor carpi radialis  
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3.3.3. Quality assessment 
Agreement between the two reviewers was almost perfect (Ƙ = 0.91, p<0.001) (Landis & Koch, 
1977) with 286 agreements out of 306 decisions. Table 3-2 presents the quality assessment score. The 
quality assessment revealed only two studies (22%) that clearly described the study design with details 
assessed using the EAI tool. No longitudinal or prospective studies were identified. Only three studies 
(33%) clearly described their study sample, including how and where they recruited participants. One 
study (11%) reported an a priori sample size calculation, and only one study (11%) used diagnostic 
imaging as part of the eligibility criteria. Three studies (33%) did not report duration of symptoms and 
five studies (56%) did not report data from validated pain and disability questionnaires (e.g. Patient 
Rated Tennis Elbow Evaluation Form). No studies (0%) blinded the assessors to the condition of the 
participant. In seven studies (78%) the reviewers were unable to detect the timeframe over which the 
participants were recruited, and if there was comparability between patient and control groups in terms 
of age, sex and arm dominance. The reviewers were unable to establish the validity or reliability of LE 
diagnosis in any study. Despite the importance of using validated measures no studies reported the 
validity or reliability of their main outcome measures. Only two studies (22%) adjusted for individual 
covariates (e.g. age, sex), and no studies reported the results relative to severity of the condition.  
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Table 3-2 Quality assessment of included studies 
EAI Questions 
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1. Hypothesis/aims clearly described? 1 1 1 1 1 1 0 1 1 2. Is LE clearly described? 1 1 1 1 1 1 1 1 1 3. Main outcomes clearly described? 1 1 1 1 1 1 1 1 1 4. Study design clearly described? 0.5 0.5 0.5 1 1 0.5 0.5 0.5 0.5 5. Population source and sampling frame described? 0 0.5 0 1 1 0.5 0 1 0.5 6. Eligibility criteria clearly described? 0 0 0 0.5 1 0.5 0 0.5 0.5 7. Participation rate reported? 0 0 0 1 1 0 0 0 0 8. Participant characteristics clearly described? 0 0 0 1 1 0 0 1 1 9. Characteristics of subjects lost? 0 0 0 0.5 0.5 0 0 0 0 10. Confounders described for individual variables? 0 0 0 0 1 0 0 0.5 0 11. Statistical methods clearly described? 1 1 1 1 1 1 0.5 1 1 12. Main findings clearly described? 1 1 1 1 1 1 1 1 1 13. Estimates of random variability been described? 1 1 0.5 1 1 1 0.5 1 1 14. Estimates of random variability been described? 1 1 1 1 1 1 1 1 1 15. Are sample size calculations reported? 0 0 0 0 1 0 0 0 1 16. Is there between group comparability? UTD UTD UTD 0.5 1 UTD 0.5 1 1 17. Is the participation rate reported? UTD UTD UTD 1 1 UTD UTD UTD 1 18. Is recruitment over the same period of time? UTD UTD UTD UTD 0.5 UTD UTD UTD UTD 19. Are subject losses accounted for? UTD UTD UTD N/A N/A UTD UTD UTD N/A 20. Is diagnosis of LE reliable? 0 N/A 0 0 0.5 0 N/A 0 0 21. Is diagnosis of LE valid? 0 N/A 0 0 0.5 0 N/A 0 0 22. Is the assessment of LE similar between groups? 1 0 1 1 1 0 0 1 1 23. Are assessors blinded? 0 0 0 0 0 0 0 0 0.5 24. Are subjects blinded? 0 0 0 0 0 0 0 0 0 25. Are the outcome measures reliable? UTD UTD UTD UTD UTD UTD UTD UTD 0.5 26. Are the outcome measures valid? UTD UTD UTD UTD UTD UTD UTD UTD UTD 27. Are the methods standardised across groups? 1 1 UTD 1 0 UTD 1 1 1 28. Are observations taken at the same time? UTD UTD UTD UTD 0.5 UTD UTD UTD UTD 29. Is there adjustment for individual confounders? 0 0 0 0 1 0 0 1 0 30. Are outcomes reported by levels of LE? 0 0 0 0 0 0 0 0 1 31. Are outcomes reported by subgroups of LE? 0 0 0 0 1 0 0 0 0 32. Can results be applied to eligible populations? 0.5 0.5 0 1 1 0 0.5 1 1 33. Can results be applied to relevant populations? 0.5 0.5 0 1 1 0 0.5 0.5 0.5 
Total Score (_/1) 0.30 0.32 0.24 0.54 0.71 0.26 0.26 0.50 0.56 
LE – lateral epicondylalgia, UTD – unable to determine, N/A – not applicable, black shading – “yes” 
(score = 1), grey shading – “partial” (score = 0.5), white shading – “no” (score = 0), “unable to 
determine” (score = 0), “not applicable” (item removed from scoring) 
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3.3.4. Neuromuscular control 
Of the nine included studies, seven investigated individuals with current symptoms of LE with 
comparison against data for pain-free controls (Alizadehkhaiyat et al., 2007; Bauer & Murray, 1999; 
Calder et al., 2008; Chourasia et al., 2012; Dessureault et al., 2008a; Kelley, Lombardo, Pink, Perry, & 
Giangarra, 1994; Schabrun et al., 2014), and two investigated individuals who had recovered from LE 
and LE-free controls (Alizadehkhaiyat et al., 2009; Rojas, Mañanas, Müller, & Chaler, 2007). Only two 
outcomes were investigated by more than one study that investigated the same muscles, but these 
studies included the same sample group and were written by the same author, therefore meta-analysis 
was not possible. The following presents findings according to the two key themes of comparison 
between pain-free controls and; (i) individuals with current symptoms of LE, or (ii) individuals who had 
recovered from symptomatic LE and are asymptomatic at the time of testing. 
3.3.4.1. Current lateral epicondylalgia  
Quantitative analysis of the seven studies that evaluated individuals with current LE symptoms 
and pain-free controls revealed a total of 60 neuromuscular control outcomes, of which 16 (28%) were 
significant using the SMD and 95% CI. 
3.3.4.1.1. Resisted wrist extension 
One study investigated morphology of single motor unit action potentials of ECRB during 
resisted wrist extension (Table 3-3) (Calder et al., 2008). Although, this study revealed a greater 
duration and greater area-to-amplitude ratio of motor unit action potentials in the LE group than pain-
free controls (Calder et al., 2008), methodological issues limit the ability to draw robust conclusions. 
First, properties of motor unit action potential shape are affected by proximity of the electrode to the 
muscle fibres and this was impossible to control. Second, the LE participants were significantly older 
(mean age 46.6 ± 10.7 years) than the healthy controls (27.1 ± 5 years). This is problematic for 
comparison as motor unit morphology changes with age(Roos, Rice, & Vandervoort, 1997). Third, the 
force of contraction was not standardised between groups/participants (range from 5 to 10% MVC). As 
motor unit recruitment depends on force (Linnamo, Moritani, Nicol, & Komi, 2003), participants who 
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performed contractions at higher levels of force may have systematically recruited larger motor units. 
No other significant differences were observed for motor unit action potentials recorded with needle 
(e.g. amplitude, firing rate, number of phases) or surface electrodes (e.g. amplitude, area, and duration) 
(Table 3-3) (Calder et al., 2008). 
 
Table 3-3 Outcome measures and calculated SMD and 95% CI for resisted wrist extension 
Study Outcome Muscle 
LE group Control group 
SMD 95%CI  Mean SD N Mean  SD N 
(Calder et al., 
2008) 
 
NMUP amplitude (mV) ECRB 519 426.6 11 419 300.7 37 0.08 -0.56 to 0.76 
NMUP area-to-amplitude 
ratio 
ECRB 1.62 0.59 11 1.27 0.43 37 0.73 0.04 to 1.42* 
NMUP duration (ms) ECRB 9.7 3.16 11 7.64 2.85 37 0.69 0.01 to 1.38* 
NMUP firing rate (Hz) ECRB 13.86 2.71 11 14.98 2.97 37 -0.38 -1.06 to 0.30 
NMUP number of phases ECRB 2.63 0.81 11 2.55 0.71 37 0.11 -0.57 to 0.78 
SMUP amplitude (mV) ECRB 111.14 109.53 11 113.73 90.73 37 -0.03 -0.70 to 0.65 
SMUP Area (mm) ECRB 502.7 518.7 11 593.9 507.4 37 -0.18 -0.85 to 0.50 
SMUP duration (ms) ECRB 19.21 5.93 11 19.76 5.52 37 -0.10 -0.77 to 0.58 
* - significant difference between LE and controls. LE – lateral epicondylalgia, NMUP – needle 
detected motor unit potential, SMUP – surface detected motor unit potential, ECRB – extensor carpi 
radialis brevis, SD – standard deviation, N – number of participants, SMD – standardised mean 
difference, 95% CI – 95% confidence interval  
 
3.3.4.1.2. Gripping 
Two studies investigated aspects of neuromuscular control during gripping (Table 3-4) 
(Alizadehkhaiyat et al., 2007; Chourasia et al., 2012). One investigated the change in RMS amplitude 
over time, normalised to the “start value”, and median frequency of ECR, EDC, FDS, and FCU during a 
submaximal grip at 50% MVC until exhaustion (Alizadehkhaiyat et al., 2007). RMS amplitude was 
calculated at 5-second intervals and assessed by linear regression. Using the criterion of SMD and 95% 
CI, there were no significant between-group differences in amplitude of muscle activity over time 
(Table 3-4). This differs from the outcome of the statistical analysis reported in the study 
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(Alizadehkhaiyat et al., 2007), but we argue, reference to SMD and 95% CI is more robust. A major 
consideration of this study is the interpretation that there is less RMS amplitude in the ECR muscle 
during gripping in the LE group than the pain-free controls (Alizadehkhaiyat et al., 2007). EMG 
amplitude was normalised to that at the start of the sustained contraction and assessed by linear 
regression. This method does not allow comparison of muscle amplitude between groups as this initial 
value used for normalisation may differ for each group and provides a reference that is difficult to 
interpret. If the participants in the LE group commenced the contraction with greater activity (“start 
value”), they might have less ability to increase the RMS amplitude over time, thus affecting the slope 
of the EMG change and the statistical comparison of activity over time between groups.  
Another study investigated the delay in time from the onset of ECR EMG to the onset of grip 
force development, measures using a specialised multi-axis dynamometer, with the task performed in 
response to a visual stimulus (Chourasia et al., 2012). Participants with unilateral and bilateral LE 
demonstrated a longer delay between these two events, bilaterally, than pain-free controls (i.e. both 
symptomatic and asymptomatic arm were affected) (Table 3-4) (Chourasia et al., 2012). Although, the 
authors used the term “EMD” to describe this finding, this is not entirely accurate as EMD is defined as 
the time interval between the initiation of EMG from a muscle and the first detectable force output that 
the muscle produces (Georgoulis et al., 2005). In this study the onset of force was identified from grip 
force, which is initiated by the finger flexor muscles (FDP and FDS), and does not reflect the onset of 
wrist extension force. The wrist extensor muscles (ECRB, ECRL, EDC, and ECU) will co-activate with 
the finger flexors to stabilise the wrist (Snijders et al., 1987), but this measure cannot be used as a 
surrogate of wrist extensor force. Rather than simple interpretation as a delay in transduction from EMG 
to force, increase in the latency between ECRB EMG and grip force could reflect altered coordination 
between finger flexor and wrist extensor muscles, between participant groups. 
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Table 3-4 Outcome measures and calculated SMD and 95% CI for grip 
Study Outcome Muscle 
LE group Control group 
SMD 95%CI  Mean SD N Mean  SD N 
(Alizadehkhaiyat et 
al., 2007) 
 
RMS amplitude  ECR 0 28 16 13 20 16 -0.52 -1.23 to 0.19 
RMS amplitude EDC 11 36 16 13 32 16 -0.06 -0.75 to 0.64 
RMS amplitude  FCU 37 32 16 32 24 16 0.17 -0.52 to 0.87 
RMS amplitude  FDS 32 24 16 27 16 16 0.24 -0.46 to 0.93 
Median frequency ECR -16 8 16 -16 8 16 0.00 -0.69 to 0.69 
Median frequency EDC -15 8 16 -15 8 16 0.00 -0.69 to 0.69 
Median frequency FCU -14 4 16 -15 8 16 0.15 -0.54 to 0.85 
Median frequency FDS -12 4 16 -15 12 16 0.33 -0.52 to 0.19 
(Chourasia et al., 
2012) 
 
Delay Bilateral 
Dominant 
ECR 0.061 0.02 15 0.039 0.008 11 1.32 0.45 to 2.19* 
Delay Bilateral Non-
dominant 
ECR 0.065 0.033 15 0.039 0.014 11 0.94 0.11 to 1.77* 
Delay Unilateral 
Symptomatic 
ECR 0.061 0.029 11 0.039 0.008 11 0.99 0.10 to 1.98* 
Delay Unilateral 
Asymptomatic 
ECR 0.064 0.024 11 0.039 0.014 11 1.22 0.30 to 2.15* 
* - significant difference between LE and controls. LE – lateral epicondylalgia, ECR – extensor carpi 
radialis (brevis and longus combined), EDC – extensor digitorum communis, FCU – flexor carpi 
ulnaris, FDS – flexor digitorum superficialis, SD – standard deviation, N – number of participants, SMD 
– standardised mean difference, 95% CI – 95% confidence interval  
 
3.3.4.1.3. Tennis strokes 
Two studies investigated neuromuscular control during single-handed backhand tennis strokes 
(Bauer & Murray, 1999; Kelley et al., 1994). Analysis using our a priori criterion could only be 
conducted on one study (Kelley et al., 1994), as data from the other study were presented graphically 
and could not be retrieved from the author due to technological advances since publication (i.e. the 
inability to retrieve data from floppy disc storage media) (Bauer & Murray, 1999). Between-group 
differences were observed for muscle amplitude (expressed as a percentage of MVC) during a single-
handed backhand tennis stroke, which was divided into six phases: (i) preparation, (ii) early and (iii) late 
acceleration, (iv) ball impact, and (v) early and (vi) late follow-through (Kelley et al., 1994). During the 
preparation phase the LE group demonstrated greater ECRL and FCR EMG than pain-free controls. 
During ball-impact the LE group demonstrated a greater ECRB, ECRL, and PT EMG than pain-free 
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controls (Table 3-5). During early follow-through the LE group demonstrated a greater ECRB and PT 
EMG than pain-free controls (Kelley et al., 1994). There were no between-group differences for the 
early acceleration or the late follow-through phases using the criteria of SMD and 95% CI. Using a 
more lenient 90% CI, several measures were significant; ECRB EMG was greater in LE during the early 
acceleration phase (SMD –0.90 [90%CI –1.67 to –0.13]) and FCR EMG was greater during the late 
follow-through phase (SMD 0.92 [90%CI 0.15 to 1.69]) (Kelley et al., 1994).  
The study, which presented data that could not be used to calculate SMD, investigated temporal 
parameters for ECRB, FCU, and triceps brachii (TB), during a single handed backhand tennis volley at 
three ball speeds (low 11.94 m/s, medium 17.13 m/s, and high 22.95 m/s) and three racket head 
locations (central, long axis, and torsional) (Bauer & Murray, 1999). LE participants had greater EMG 
duration and greater integrated ECRB EMG for each ball speed and each racket location (p > 0.05) than 
pain-free controls. When EMG times were pooled across ball speeds and racket locations and presented 
as values pre- and post-ball impact, the LE group demonstrated an earlier ECRB EMG onset during the 
pre-impact period and a longer duration of EMG (later EMG offset) into the post-impact period than 
pain-free controls (Bauer & Murray, 1999). No differences were observed for FCU, and TB. 
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Table 3-5 Outcome measures and calculated SMD and 95% CI for tennis strokes 
Study Outcome Muscle 
LE group Control group 
SMD 95%CI  Mean SD N Mean  SD N 
(Kelley et al., 
1994) 
 
RMS amplitude – 
Preparation  
ECRB 28 23 8 18 11 14 0.59 -0.31 to 1.48 
RMS amplitude – 
Preparation  
ECRL 28 19 8 13 10 14 1.04 0.11 to 1.98* 
RMS amplitude – 
Preparation  
EDC 13 9 8 11 7 14 0.25 -0.62 to 1.12 
RMS amplitude – 
Preparation  
FCR 27 26 8 9 5 14 1.09 0.15 to 2.03* 
RMS amplitude – 
Preparation  
PT 14 12 8 13 12 14 0.08 -0.79 to 0.95 
RMS amplitude – 
Early accel 
ECRB 28 12 8 62 44 14 -0.90 -1.82 to 0.01 
RMS amplitude – 
Early accel 
ECRL 36 40 8 35 23 14 0.03 -0.84 to 0.90 
RMS amplitude – 
Early accel 
EDC 44 33 8 57 39 14 -0.34 -1.21 to 0.54 
RMS amplitude – 
Early accel 
FCR 19 18 8 14 17 14 0.28 -0.60 to 1.15 
RMS amplitude – 
Early accel 
PT 11 17 8 16 17 14 -0.28 -1.16 to 0.59 
RMS amplitude – 
Late accel 
ECRB 78 31 8 83 37 14 -0.14 -1.01 to 0.73 
RMS amplitude – 
Late accel 
ECRL 81 47 8 72 38 14 0.21 -0.66 to 1.08 
RMS amplitude – 
Late accel 
EDC 81 31 8 77 19 14 0.16 -0.71 to 1.03 
RMS amplitude – 
Late accel 
FCR 53 47 8 38 27 14 0.41 -0.47 to 1.29 
RMS amplitude – 
Late accel 
PT 17 15 8 29 22 14 -0.58 -1.47 to 0.31 
RMS amplitude – 
Ball impact 
ECRB 94 42 8 40 31 14 2.02 0.93 to 3.11* 
RMS amplitude – 
Ball impact 
ECRL 89 29 8 43 43 14 1.14 0.20 to 2.09* 
RMS amplitude – 
Ball impact 
EDC 42 25 8 72 55 14 -0.62 -1.51 to 0.27 
RMS amplitude – 
Ball impact 
FCR 70 52 8 56 34 14 0.33 -0.55 to 1.20 
RMS amplitude – 
Ball impact 
PT 60 26 8 26 25 14 1.29 0.32 to 2.26* 
RMS amplitude – 
Early FT  
ECRB 67 27 8 43 19 14 1.04 0.11 to 1.98* 
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Outcome Muscle 
LE group Control group 
SMD 95%CI   Mean SD N Mean  SD N 
(Kelley et al., 
1994) 
 
RMS amplitude – 
Early FT  
ECRL 62 25 8 42 27 14 0.73 -0.17 to 1.63 
RMS amplitude – 
Early FT  
EDC 45 18 8 50 27 14 -0.20 -1.07 to 0.67 
RMS amplitude – 
Early FT  
FCR 53 28 8 41 24 14 0.45 -0.43 to 1.33 
RMS amplitude – 
Early FT  
PT 61 32 8 32 20 14 1.12 0.18 to 2.06* 
RMS amplitude – 
Late FT 
ECRB 28 24 8 18 13 14 0.55 -0.34 to 1.43 
RMS amplitude – 
Late FT 
ECRL 23 14 8 15 12 14 0.60 -0.29 to 1.50 
RMS amplitude – 
Late FT 
EDC 16 12 8 21 12 14 -0.40 -1.28 to 0.48 
RMS amplitude – 
Late FT 
FCR 23 19 8 11 7 14 0.92 0.00 to 1.84 
RMS amplitude – 
Late FT 
PT 24 26 8 13 9 14 0.62 -0.27 to 1.51 
* - significant difference between LE and controls. RMS amp – root mean squared amplitude. LE – 
lateral epicondylalgia, accel – acceleration, FT – follow-through, ECRB – extensor carpi radialis brevis, 
ECRL – extensor carpi radialis longus, EDC – extensor digitorum communis, FCR – flexor carpi 
radialis, PT – pronator teres, SD – standard deviation, N – number of participants, SMD – standardised 
mean difference, 95% CI – 95% confidence interval  
 
3.3.4.1.4. Corticomotor measures 
Two studies investigated corticomotor measures using transcranial magnetic stimulation (TMS) 
in individuals with LE and pain-free controls (Dessureault et al., 2008a; Schabrun et al., 2014). One 
study revealed that compared to pain-free controls, participants with LE had a smaller separation 
between the cortical representations of ECRB and EDC and a reduced number of peaks of excitability in 
the motor cortex maps, for ECRB and EDC (Table 3-6) (Schabrun et al., 2014). The other study found 
no significant differences for any measures of corticomotor excitability (e.g. motor evoked potential, 
resting motor threshold, and silent period) (Dessureault et al., 2008a). 
When the data were analysed using a 90% CI, several additional measures approached 
significance. Compared to pain-free controls, individuals with LE showed a greater motor cortex map 
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volume for ECRB (SMD 0.89 [90%CI 0.14 to 1.63]) and a greater peak MEP amplitude for ECRB 
(SMD 0.88 [90%CI 0.14 to 1.62]) (Schabrun et al., 2014).  
 
Table 3-6 Outcome measures and calculated SMD and 95% CI for corticomotor measures 
Study Outcome Muscle 
LE group Control group 
SMD 95%CI  Mean SD N Mean  SD N 
(Dessureault et al., 
2008a) 
 
Motor evoked 
potentials 
ECR 101.28 79.53 15 115.6 103.67 16 -0.15 -0.86 to 0.56 
Resting motor 
threshold 
ECR 39.4 8.76 15 40.5 7.65 16 -0.13 -0.84 to 0.57 
Silent period ECR 75 29.84 15 72.56 19.15 16 0.10 -0.61 to 0.80 
(Schabrun et al., 
2014) 
 
Distance between COG 
for ECRB and EDC 
ECRB/ 
EDC 
0.11 0.05 11 0.20 0.10 11 -1.10 -2.00 to -
0.19* 
Cortical volume ECRB 15.5 13.1 11 6.4 4.9 11 0.89 0.00 to 1.77 
Cortical volume EDC 9.3 5.5 11 8.2 5.6 11 0.19 -0.65 to 1.03 
Peak MEP amplitude ECRB 1.3 0.79 11 0.71 0.46 11 0.88 -0.01 to 1.76 
Peak MEP amplitude EDC 0.82 0.35 11 0.64 0.37 11 0.48 -0.37 to 1.33 
Number of cortical 
peaks 
ECRB 1.4 0.8 11 3.4 1.5 11 -1.60 -2.43 to -
0.77* 
Number of cortical 
peaks 
EDC 1.8 1.0 11 3.2 1.5 11 -1.06 -1.82 to -
0.30* 
* - significant difference between LE and controls. LE – lateral epicondylalgia, COG – centre of gravity, 
ECR – extensor carpi radialis (brevis and longus combined), ECRB – extensor carpi radialis brevis, 
ECRL – extensor carpi radialis longus, EDC – extensor digitorum communis, SD – standard deviation, 
N – number of participants, SMD – standardised mean difference, 95% CI – 95% confidence interval  
 
3.3.4.2. Recovered lateral epicondylalgia 
Two studies investigated individuals who had recovered from LE and LE-free controls 
(Alizadehkhaiyat et al., 2009; Rojas et al., 2007). These studies included 29 neuromuscular control 
outcomes, of which 6 (21%) were significant.   
3.3.4.2.1. Resisted wrist extension 
One study compared muscle activity during resisted wrist extension between individuals who 
had recovered from symptomatic LE (asymptomatic for at least 3 months after conservative treatment) 
and LE-free controls (Rojas et al., 2007). During resisted wrist extension at 20% and 80% MVC (but not 
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50%), the relative contribution of ECR EMG (as a proportion of the total summed EMG of all muscles) 
was lower, and the relative contribution of ECU EMG was greater for the recovered LE group than LE-
free controls (Table 3-7) (Rojas et al., 2007). During a sustained wrist extension task at 80% MVC until 
exhaustion, participants who had recovered from LE showed a greater average rectified EMG value for 
ECR and EDC than LE-free controls (Table 3-7) (Rojas et al., 2007). When analysed with SMD and 
90% CI, the data of Rojas et al. (2007) revealed a greater average rectified value of ECU during a 
sustained wrist extension task at 80% MVC until exhaustion in the recovered LE group than controls 
(SMD 0.90 [90%CI 0.12 to 1.68]). In addition, no between-group differences were observed for median 
frequency or analysis of conduction velocity (Rojas et al., 2007). 
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Table 3-7 Outcome measures and calculated SMD and 95% CI for wrist extension in recovered LE 
Study Outcome Muscle 
LE group Control group 
SMD 95%CI  Mean SD N Mean  SD N 
(Rojas et al., 
2007)(R) 
 
Contribution 20% 
MVC 
ECR 0.315 0.113 10 0.44738 0.139 10 -1.00 -1.94 to -0.06* 
Contribution 50% 
MVC 
ECR 0.322 0.155 10 0.41457 0.114 10 -0.65 -1.56 to 0.25 
Contribution 80% 
MVC 
ECR 0.33 0.104 10 0.48538 0.112 10 -1.38 -2.37 to -0.38* 
Contribution 20% 
MVC 
ECU 0.456 0.0912 10 0.31837 0.146 10 1.08 0.13 to 2.04* 
Contribution 50% 
MVC 
ECU 0.407 0.0912 10 0.31521 0.133 10 0.77 -0.15 to 1.69 
Contribution 80% 
MVC 
ECU 0.397 0.0844 10 0.23543 0.126 10 1.44 0.43 to 2.45* 
Contribution 20% 
MVC 
EDC 0.23 0.0922 10 0.23425 0.108 10 -0.04 -0.92 to 0.84 
Contribution 50% 
MVC 
EDC 0.271 0.127 10 0.27022 0.0722 10 0.01 -0.87 to 0.88 
Contribution 80% 
MVC 
EDC 0.272 0.11 10 0.27919 0.0672 10 -0.08 -0.95 to 0.80 
Average rectified 
value 
ECR 1.44 0.427 10 1.07 0.179 10 1.02 0.08 to 1.97* 
Average rectified 
value 
EDC 1.5 0.249 10 1.14 0.229 10 1.44 0.43 to 2.45* 
Average rectified 
value 
ECU 1.29 0.309 10 1.06 0.153 10 0.90 -0.03 to 1.83 
Median frequency ECR 0.838 0.172 10 0.835 0.148 10 0.02 -0.86 to 0.89 
Median frequency EDC 0.776 0.0864 10 0.857 0.132 10 -0.70 -1.61 to 0.21 
Median frequency ECU 0.812 0.0966 10 0.898 0.285 10 -0.39 -1.27 to 0.50 
Mean frequency ECR 0.862 0.116 10 0.851 0.103 10 0.10 -0.78 to 0.97 
Mean frequency  EDC 0.813 0.0707 10 0.89 0.132 10 -0.70 -1.61 to 0.21 
Mean frequency  ECU 0.849 0.0848 10 0.90 0.178 10 -0.35 -1.24 to 0.53 
Conduction velocity ECR 0.934 0.0817 10 0.928 0.0379 10 0.09 -0.79 to 0.97 
Conduction velocity  EDC 0.847 0.0741 10 0.922 0.116 10 -0.74 -1.65 to 0.171 
Conduction velocity  ECU 0.951 0.0855 10 0.92 0.0612 10 0.40 -0.49 to 1.29 
* - significant difference between LE and controls. LE – lateral epicondylalgia, MVC – maximum 
voluntary contraction, ECR – extensor carpi radialis (brevis and longus combined), EDC – extensor 
digitorum communis, ECU – extensor carpi ulnaris, SD – standard deviation, N – number of 
participants, SMD – standardised mean difference, 95% CI – 95% confidence interval  
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3.3.4.2.2. Gripping 
A study by Alizadehkhaiyat et al. (2009) contrasted the RMS amplitude over time and median 
frequency of ECR, EDC, FDS, and FCU EMG during a sustained isometric grip at 50% MVC until 
exhaustion, in individuals who had recovered from symptomatic LE (conservative treatment, 
asymptomatic for > 6 months) against data for the same sample of LE-free controls used for their earlier 
study (Alizadehkhaiyat et al., 2007). This study revealed no significant between-group differences when 
analysed at 95% CI (Table 3-8). When analysed using 90% CI the median frequency of FCU EMG was 
greater in the recovered LE group than pain-free controls (SMD 1.22 [90%CI 0.19 to 2.25]) 
(Alizadehkhaiyat et al., 2009), indicating less fatigue in the recovered group.  
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Table 3-8 Outcome measures and calculated SMD and 95% CI for gripping in recovered LE 
Study Outcome Muscle 
LE group Control group 
SMD 95%CI  Mean SD N Mean  SD N 
(Alizadehkhaiyat et al., 
2009) 
 
RMS amplitude  ECR 9 12.2 6 4 13.2 7 0.36 -0.74 to 1.47 
RMS amplitude  EDC 26 22 6 8 34.4 7 0.57 -0.55 to 1.69 
RMS amplitude  FCU 19 36.7 6 29 15.9 7 -0.34 -1.44 to 0.76 
RMS amplitude  FDS 30 39.2 6 21 13.2 7 0.30 -0.80 to 1.40 
Median frequency ECR -10 2.4 6 -13 10.6 7 0.35 -0.75 to 1.45 
Median frequency EDC -7 2.4 6 -14 10.6 7 0.81 -0.34 to 1.97 
Median frequency FCU -8 4.9 6 -13 2.6 7 1.22 -0.01 to 2.44 
Median frequency FDS -8 4.9 6 -9 5.3 7 0.18 -0.91 to 1.28 
LE – lateral epicondylalgia, ECR – extensor carpi radialis (brevis and longus combined), EDC – 
extensor digitorum communis, FCU – flexor carpi ulnaris, FDS – flexor digitorum superficialis, SD – 
standard deviation, N – number of participants, SMD – standardised mean difference, 95% CI – 95% 
confidence interval  
 
3.4. Discussion 
The primary aim of this study was to systematically review evidence for differences in 
neuromuscular control of the forearm muscles between individuals with LE and pain-free controls. 
Quantitative analysis of data from multiple studies shows that 60 outcome measures have been reported, 
and 16 (27%) of these differ significantly between individuals with current LE symptoms and pain-free 
controls. Of these 16 outcomes, two were properties of motor unit potentials during resisted wrist 
extension; four were measures of increased time between recruitment of wrist extensor muscles and 
onset of grip force; seven were measures of amplitude of EMG during single-handed backhand tennis 
strokes; and three were measures of motor cortex organisation. The secondary aim was to review the 
evidence for differences between individuals who had recovered from LE and LE-free controls. Six of 
29 (21%) measures differed significantly and all involved changes in EMG amplitude during resisted 
wrist extension. 
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3.4.1. Interpretation of neuromuscular control of forearm muscles in lateral epicondylalgia  
It is difficult to draw robust conclusions of neuromuscular changes in LE because of the 
different methods used for each study with respect to the tasks assessed (e.g. wrist extension, gripping, 
tennis strokes) and outcome measures extracted from the EMG (e.g. amplitude, timing, fatigue indices). 
Although the biomechanics and physiology differ between tasks (e.g. grip - multi-joint isometric task; 
wrist extension - single joint isometric task; tennis - multi-joint dynamic task) some features are similar 
between tasks. Wrist extension is an integral component of gripping. This task involves activation of the 
wrist extensor muscles to counteract the flexion moment of the finger flexor muscles and placement of 
the wrist in extension improves the efficiency of the finger flexor muscles (Snijders et al., 1987). Single-
handed backhand tennis strokes involves both grip and wrist extension to hold the racket and coordinate 
hitting the ball. Thus, some interpretation of data across tasks/studies is possible.  
Although greater amplitude of ECRB, ECRL, FCR, PT EMG was observed during backhand 
tennis strokes in individuals with LE than pain-free controls (Kelley et al., 1994). These data could 
provide evidence of excessive load on the painful ECRB muscle. However, on the contrary, ECR EMG 
was found to have lower amplitude during resisted wrist extension (Rojas et al., 2007) in individuals 
recovered from LE than LE-free controls, which might indicate unloading of the painful muscle. There 
are several possible explanations for these apparently contrasting observations between studies. First, 
the methods used to analyse the data differs between studies. Rojas et al. (2007) considered ECR EMG 
relative to the summed un-normalised EMG amplitude of all muscles. This does not permit 
interpretation of the EMG amplitude for any individual muscle, and it cannot be determined whether 
EMG amplitude of the individual wrist extensor muscles (ECR, EDC and ECU) reflects a higher or 
lower proportion of maximum than that of LE-free controls, during the isometric wrist extension task. 
The use of un-normalised EMG to generate the relative amplitudes must be considered when 
interpreting the data. EMG analysis as a proportion of MVC (Kelley et al., 1994) also requires 
consideration as individuals with chronic pain conditions often do not perform a true maximum 
contraction for reasons including pain and fear of pain (Lindstroem, Graven-Nielsen, & Falla, 2012). 
Use of an effort lower than maximum for EMG normalisation would lead to overestimation of EMG 
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amplitude, and this may explain the augmented activation of multiple wrist extensor muscles reported 
by (Kelley et al., 1994). Second, differences in outcome might be explained by the use of different EMG 
electrodes (surface (Rojas et al., 2007) vs. intramuscular (Kelley et al., 1994) electrodes) to record EMG 
for each study, and for different muscles within a study (Hackett, Reed, Halaki, & Ginn, 2014; Perry, 
Schmidt Easterday, & Antonelli, 1981). Although surface EMG electrodes allow non-invasive electrode 
placement, the recordings are confounded by cross-talk from adjacent muscles and this is particularly 
problematic for the small muscles, such as those of the forearm (Mogk & Keir, 2003a). Further, the 
location of surface electrodes with respect to the muscle/innervation zone can alter the EMG signal 
(Ahamed et al., 2012) and can change as the muscle length changes. It is possible that cross-talk from 
adjacent muscles (e.g. ECRL, EDC) augmented activation of ECR and ECU reported by (Rojas et al., 
2007). Intramuscular EMG is invasive and although this has minor additional risks (e.g. pain, bleeding), 
the electrode can be precisely inserted into a specific muscle, move with the muscle, and recordings are 
less affected by cross-talk from adjacent muscles, depending on the characteristics of the detection area. 
The increased specificity of intramuscular EMG may also present a limitation, as the recordings might 
not represent the activity of the entire muscle. It is entirely possible that intramuscular EMG recordings 
were not representative of the entire muscle resulting in the amplification of wrist extensor muscle 
activity during this task. Third, Kelley et al. (1994) investigated individuals with current LE and Rojas 
et al. (2007) investigated individuals who had recovered from LE (i.e. asymptomatic for at least 3 
months). Although little is known about differences between individuals with current and recovered LE, 
only one group were at risk of experiencing pain and/or anticipated pain during the task. Anticipation of 
pain has been shown to induce neuromuscular and mechanical changes in individuals with chronic low 
back pain and controls (Henchoz, Tétreau, Abboud, Piché, & Descarreaux, 2013). This anticipation of 
pain may explain the greater activity of wrist extensor muscles observed in the study by Kelley et al. 
(1994). Fourth, it could be argued that the multi-joint dynamic task of a single handed backhand tennis 
stroke (Kelley et al., 1994) requires a different level of complexity of neuromuscular control than the 
single joint isometric wrist extension (Rojas et al., 2007), and these two tasks might be affected 
uniquely in LE. Future work with consistent methodologies (e.g. same electrode type and same analysis) 
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is required to understand differences in muscle activity between task in individuals with LE and pain-
free controls.  
These studies require interpretation in relation to differences between individuals with current or 
recovered LE, and pain-free controls. Previous work has shown that LE is associated with a reduced 
acuity of elbow proprioception (Juul-Kristensen et al., 2008) and poorer ability to accurately 
discriminate weight (Dessureault et al., 2008a) than pain-free controls. Thus, individuals with LE might 
have reduced ability to accurately estimate the muscle activity required to hold a racquet or hit a ball. In 
this case they may use a greater proportion of muscle activity to compensate and this may differ from a 
simple wrist extension task. In support, individuals with rotator cuff tendinopathy consistently over 
estimated force relative to pain-free controls (who consistently underestimated force) when asked to 
contract to a set force without visual feedback (Maenhout, Palmans, De Muynck, De Wilde, & Cools, 
2012). Additionally, it is possible that a greater EMG activation during tennis strokes in the LE group 
than pain-free controls was explained by differences in the level of skill of each group. Previous work 
has suggested that unskilled tennis players often grip the tennis racquet too forcefully (Hatze, 1976). As 
participants in the LE group in the study by Kelley et al. (1994) were level B and C recreational club 
tennis players, and pain-free controls were either current of former professional or Division one 
collegiate tennis players (Kelley et al., 1994), lower skill of the LE group may have contributed to their 
greater forearm muscle EMG amplitude.  
Lower relative contribution of ECR and greater relative contribution of ECU to total EMG in the 
recovered LE group, during wrist extension, might reflect a redistribution of activity and has several 
possible explanations. First, redistribution of activity from ECR to ECU might be necessary because of 
residual ECR muscle weakness. Previous work has shown a lower maximal force during wrist extension 
in individuals who had recovered from the symptoms of LE than LE-free controls (Alizadehkhaiyat et 
al., 2009). Second, although the individuals with previous LE have recovered from symptoms, chronic 
pain has been shown to be associated with long-term changes in the cortex, including the primary motor 
cortex (Hodges & Tucker, 2011; Pelletier, Higgins, & Bourbonnais, 2015). It is possible that repeated 
painful muscle contraction might have induced changes in cortical representation of the ECRB and that 
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this did not resolve after the resolution of LE. Third, it is not possible to exclude the possibility that 
differences in muscle activation between groups were present prior to (or even contributed to) the 
development of the LE.  
A surprising observation of this review is the paucity of studies investigating neuromuscular 
control during gripping, despite the fact that pain during gripping is a primary clinical complaint in 
individuals with LE. Several impairments in kinematics and force have been identified in individuals 
with LE during gripping (e.g. altered wrist position during gripping (Bisset et al., 2006b), decreased grip 
strength (Alizadehkhaiyat et al., 2007; Chourasia et al., 2012)), but only two studies have investigated 
neuromuscular parameters (Alizadehkhaiyat et al., 2007; Chourasia et al., 2012). No studies have 
investigated potential changes in EMG amplitude during gripping. Although Alizadehkhaiyat et al. 
(2007) reported a smaller increase in RMS amplitude over time in ECR (normalised to the amplitude at 
the start of the sustained contraction) in individuals with LE than controls, this did not reach our a priori 
defined threshold for significance based on SMD and 95% CI. As mentioned earlier, normalisation to 
the amplitude at the start of the contraction, and the statistical analysis using linear regression to 
determine between-group differences renders the data difficult to interpret.  
Differences in temporal parameters have been identified with gripping, but there is some 
confusion regarding the interpretation of the data. The latency between the onset of ECR EMG and the 
onset of grip force in rapid gripping is longer, bilaterally, in individuals with unilateral and bilateral LE 
than pain-free controls (Chourasia et al., 2012). Although this was interpreted as increased EMD, the 
onset of force was not that generated by the homonymous muscle. Rather than reflecting the change in 
transduction of EMG to force generated by the same muscle (which is the traditional definition of EMD, 
with differences mediated by issues such as changes in tendon slackness, etc), increased delay between 
onset of EMG of the wrist extensor muscles and force generated by the finger flexor muscles might 
instead indicate a change in inter-muscle coordination, mediated by either earlier activation of the ECR 
muscle or delayed activation of the finger flexors muscles. Although reaction time of finger flexor 
muscles was not directly assessed during that study the rate of force development was reduced in the 
symptomatic arm of individuals with LE, compared to pain-free controls. This may be argued to 
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indicate a potential slower activation of finger flexor muscles. This reduced rate of force development 
(and possibly slower activation of finger flexor muscles) might be explained by differences in the task 
between groups. The LE group were instructed to grip as rapidly and as hard as possible, but stop prior 
to the onset of pain (i.e. “pain-free grip”), whereas pain-free participants were instructed to grip to 
maximum. The objective to stop prior to the onset of pain might prevent the individuals in the LE group 
from gripping as rapidly and as hard as possible. This may be compounded by fear of pain, which has 
been shown to limit maximum contractions (Lindstroem et al., 2012). Although a reduced rate of force 
development was reported (potentially supporting this interpretation) (Chourasia et al., 2012), this is 
only observed in the symptomatic arm of individuals with LE and cannot explain the bilateral changes 
in activation. Another possible explanation is the observation that individuals with LE actively grip with 
less wrist extension (i.e. closer to the neutral position), bilaterally, than pain-free controls (Bisset et al., 
2006b) and that changes in wrist position can alter the mechanical advantage of the forearm 
muscles(Loren et al., 1996). ECRB is most efficient with the wrist in an extended position, whereas 
ECU is most efficient with the wrist in a neutral position (Loren et al., 1996). Differences in wrist 
position might enable selection of different wrist extensor muscles for the task. A less extended wrist 
position might decrease the tension of the finger flexor tendons, slowing the rate at which the finger 
flexor muscle EMG can generate force output, thus slowing the speed at which grip force can be 
achieved. Alternatively, a more flexed wrist position might passively lengthen the wrist extensor 
muscles resulting in an increase in the passive tension of tendons (Greene & Roberts, 2005). 
Earlier activation of ECR might also explain the increase in latency between the onset of ECR 
EMG and the activation of grip force in individuals with LE than pain-free controls (Chourasia et al., 
2012). Although temporal parameters of ECR EMG have not been investigated in LE during gripping, 
previous work, during single handed tennis strokes has revealed earlier onset of ECRB than pain-free 
controls (Bauer & Murray, 1999). Whether such a change reflect a positive adaptation or maladaptive 
response is unclear. Earlier activation of ECR in the LE group might be a purposeful strategy to 
compensate for a compromised function of the ECRB muscle (Ljung et al., 1999) and/or tendon (Levin 
et al., 2005; Nirschl, 1992). Previous histological work has revealed “moth eaten” and necrotic muscle 
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fibres in the ECRB muscle (Ljung et al., 1999), and greater proportion of immature tenocytes and 
neovascularisation of the tendon (Nirschl, 1992) of individuals with LE.  
Earlier activation of ECR in individuals with LE, might also reflect compromised coordination 
between muscles secondary to deficits in proprioception (Dessureault et al., 2008a; Juul-Kristensen et 
al., 2008). Consistent with this proposal, individuals with rotator cuff tendinopathy have been shown to 
consistently overestimate a set force when visual feedback was removed, which contrasts the consistent 
underestimation of force by pain-free controls (Maenhout et al., 2012). Altered 
proprioception/overestimation of activity in tendinopathy, would challenge accurate control of muscle 
activity. Earlier ECR EMG might relate to overactivity of this muscle in individuals with LE, and 
overactivity/overuse has been associated with the development of LE (Khan, Cook, Taunton, & Bonar, 
2000; Nirschl & Ashman, 2004). As Chourasia et al. (2012) used a case-control study design, rather 
than a longitudinal study it cannot exclude the possibility that the changes in timing were present prior 
to, or even contributed to the development of LE.  
Recent work has shown changes in cortical areas, including the M1 (Pelletier et al., 2015), that 
relate to modified motor behaviour of individuals with chronic musculoskeletal pain. This review 
identified one TMS study with evidence of several cortical differences between individuals with LE and 
pain-free controls. Schabrun et al. (2014) highlighted an absence of the discrete cortical organisation of 
forearm muscles (ECRB and EDC) in individuals with LE that was identified in pain-free controls. This 
was reflected in fewer peaks of excitability in the cortical map, and less distance between the centres of 
gravity of ECRB and EDC, in the LE group than pain-free control group (Schabrun et al., 2014). This 
finding is similar to the observation that individuals with chronic low back pain have less distance 
between the representation of different components of the lumbar extensor muscles at the motor cortex, 
than pain-free controls (Tsao, Danneels, & Hodges, 2011).  
3.4.2. Cause vs. effect and positive vs. negative consequences of an altered neuromuscular 
control in lateral epicondylalgia 
Because of the lack of prospective studies, it is impossible to resolve whether the identified 
differences in neuromuscular control are a cause or result of LE, or whether they have positive or 
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negative consequences. From the perspective of neuromuscular differences as a cause of LE, as this 
condition is predominately considered an overuse injury of the wrist extensor muscles, particularly the 
ECRB (Budoff & Nirschl, 2001; Marx, Sperling, & Cordasco, 2001; Nirschl, 1992; Nirschl & Ashman, 
2003, 2004), greater (Kelley et al., 1994) and earlier (Bauer & Murray, 1999) activity of the wrist 
extensor muscles in the LE group might have contributed to the development of LE. For instance, a 
tighter tennis racquet grip can induce greater vibrations if the ball is not hit in the middle of the racquet 
(Hatze, 1976). Video recordings from Kelley et al. (1994) showed individuals with LE consistently 
missed the centre of the racquet in 5 of 8 (63%) participants in the LE group. Whether the combination 
of miss-hitting and excessive grip force (Hatze, 1976), contribute to the development of LE requires 
further investigation. Alternatively, stress shielding (i.e. disuse tendinopathy) is a plausible cause of LE 
(Arnoczky, Lavagnino, & Egerbacher, 2007). Disuse tendinopathy relates to tendinopathic changes in 
tendon tissue secondary to deprivation of uniform longitudinal mechanical load (Arnoczky et al., 2007). 
As the common extensor tendon is a shared attachment for ECRB, EDC, and ECU, a lower contribution 
of ECR (to total EMG (Rojas et al., 2007)) and greater contribution of ECU in the recovered LE group 
may produce less uniform mechanical loading through the ECR portion of the common extensor tendon, 
resulting disuse tendinopathy. A final alternative is that differences in neuromuscular control might be 
an epiphenomenon, unrelated to development of maintenance of LE. Longitudinal studies are required 
to address the involvement of motor system impairments in the development of LE.  
With respect to differences in neuromuscular control as a consequence of LE, modified 
coordination of forearm muscle activity might be mediated by a host of potential mechanisms. Greater 
ECU and lower ECR contribution to muscle activity during wrist extension in LE (Rojas et al., 2007), 
might represent a redistribution of muscle activity to unload ECR. This might avoid pain provocation 
(Pienimäki et al., 2002) and/or compensate for muscle weakness (Alizadehkhaiyat et al., 2007; Slater et 
al., 2005). As implied above, redistribution of activity could have both positive and negative effects for 
the health of the ECRB tendon; positive by reduction of tendon stress and therefore further pain and 
injury; and negative by secondary changes in kinematics (Hodges & Tucker, 2011) and stress shielding. 
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Modified distribution of activity between wrist extensor muscles would also likely limit the maximal 
strength of that task with an impact on overall function.  
In a contrasting manner, greater activity of the wrist extensor muscles in LE during tennis 
strokes might represent a ‘guarding’ response with the aim to limit pain provocation. This is similar to 
the protective activation observed for some muscles in other musculoskeletal conditions (Arendt-
Nielsen, Graven-Nielsen, Svarrer, & Svensson, 1996; van der Hulst, Vollenbroek-Hutten, Rietman, & 
Hermens, 2010). Although such muscle “guarding” might be a positive adaption in the presence of acute 
pain to reduce pain and injury, it could lead to persistent changes in biomechanics (Verbunt et al., 2003) 
and further pain/injury if maintained.  
3.4.3. Clinical implications 
This review highlights that neuromuscular control might require attention for the rehabilitation 
of individuals with LE. More than 40 different conservative treatments have been described in the 
literature for LE, most without sound scientific evidence (Pienimaki, 2000). Typically conservative 
treatments focus on pain relief without attention to function, despite the importance of the latter 
(Pienimaki, 2000). Advice and education (e.g. activity modification) and exercises targeted towards 
correcting neuromuscular control deficits are possible candidate targets to aid resolution of pain and 
functional issues, and potentially reduce recurrence rates. Targeted exercise could include rehabilitation 
of kinematics and neuromuscular control of wrist extension with a focus towards the activation of 
ECRB, as has been proposed in a protocol for a recently published randomised clinical trial (Coombes, 
Bisset, Connelly, Brooks, & Vicenzino, 2009b). Education regarding optimisation of racquet grip force 
and targeting the ball to the middle of the racket might help prevention.  
3.4.4. Quality assessment and considerations 
Interpretation of the findings of this review requires consideration of several methodological 
issues. Meta-analysis was not possible due to heterogeneity between tasks and outcomes used in the 
included studies. The methodological quality of the included studies was limited, with scores between 
0.24 and 0.76 (Mean 0.39) out of a possible 1. A major limitation was the inability to determine the 
reliability and validity of the outcome measures. As a consequence of the scoring method (i.e. yes, no, 
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and unable to determine) of the EAI we considered it fair to mention the studies that provided rationale 
for their selected analysis. Only one out of the nine (11%) studies reported absence of evidence of 
validity and reliability of the neuromuscular control technique as a limitation of the study in the 
discussion (Schabrun et al., 2014). One (11%) study referenced previous work for validity and 
reliability that did not include that data (Alizadehkhaiyat et al., 2007, 2009), and one (11%) mentioned 
other limitations which may affect their generalizability (Chourasia et al., 2012).  
3.4.5. Conclusion 
This review highlights the limited and heterogeneous nature of research regarding 
neuromuscular control in LE. There is evidence of differences in neuromuscular control between 
individuals with LE and pain-free controls, but differences in the methods make it impossible to draw 
robust conclusions. Further studies are required with larger sample sizes and consistent methodologies 
to allow for meta-analysis. Evidence of neuromuscular deficits in the asymptomatic limb of individuals 
with unilateral LE may indicate more widespread motor changes, but further investigation is required.  
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 Sensory and motor deficits exist on the non-injured side of patients 
with unilateral tendon pain and disability – implications for central nervous 
system involvement: A systematic review with meta-analysis 
 
Sensory and motor system impairments are well documented in the symptomatic arm of 
individuals with unilateral tendinopathy, but little is known whether these sensory and motor 
impairments occur in the asymptomatic arm, when compared to a pain-free control. Presence of 
changes on the contralateral side, in addition to the side of symptoms, could have implications for 
understanding the mechanism of LE as it may imply that sensorimotor changes precede the development 
of the condition or that sensorimotor changes are generalised and not simply explained by tissue-level 
pathology. This study systematically reviews studies of sensory and motor system changes in the 
asymptomatic contralateral arm of individuals with unilateral tendinopathy, compared to a pain-free 
control.  
 
4.1. Introduction 
Tendinopathy impacts substantially on participation in physical activity (Selvanetti, Cipolla, & 
Puddu, 1997) and is characterised clinically, by activity-related pain, focal tenderness on palpation and 
decreased functional capacity of the segment (e.g., strength and movement) (Skjong, Meininger, & Ho, 
2012). Historically, tendinopathy has been considered as local degeneration with pathological changes 
including increased type III collagen fibres, an associated increase in ground substance and subsequent 
loss of hierarchical structure of the tendon (Aström & Rausing, 1995; Cook, Khan, & Purdam, 2002). 
This loss of cellular homeostasis (Egerbacher, Arnoczky, Caballero, Lavagnino, & Gardner, 2008) has 
been suggested to contribute to neovasularisation, which has been variously proposed to relate to 
features as diverse as tendon repair (Alfredson, Harstad, Haugen, & Ohberg, 2006) and chronic pain 
(Knobloch, 2008). Studies using an animal model of unilateral tendinopathy have confirmed local signs 
including; degenerative changes, neovascularisation (Backman, Boquist, Fridén, Lorentzon, & 
Toolanen, 1990) and changes in the mechanical properties of the tissue including decreased elasticity 
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and maximum stress at failure (Soslowsky et al., 2000). This diverse array of changes is likely to affect 
the sensory and motor systems, yet there is limited understanding of how they are related.  
An interesting and paradigm challenging observation from an animal model of repetitive 
unilateral exercise has been the presence of bilateral tendon changes that is biological changes in the 
tendon of the non-exercised limb. This was evidenced by increased infiltrating macrophages not only in 
the tendon of the injured limb but also in the contralateral limb (Barbe et al., 2003), a significant 
increase in tenocytes in both limbs (Andersson et al., 2011) and a bilateral increase in vascularity of the 
tendon by week 3. These observations lead to speculation of a centrally mediated process in the 
pathogenesis of tendinopathy, which underpins activity-related pain and disability, but this has received 
limited attention in literature.  
The biological evidence of bilateral tendon pathology in a unilateral exercise-induced 
tendinopathy underpins the speculation that bilateral changes are likely to manifest in patients who 
present with a unilateral tendon problem and the pathogenesis of this condition may be more complex 
than is readily explained by local pathology. This systematic review aimed to address the issue of motor 
and sensory system changes associated with activity-related pain related to the tendon. To this end we 
systematically assessed the literature of human experimentation to ascertain whether changes in the 
motor or sensory systems occur in the contralateral side of patients with unilateral tendinopathy.  
4.2. Methods 
4.2.1. Search strategy 
A comprehensive search of electronic databases (MEDLINE—via Ovid, Scopus and PubMed) 
was undertaken by LH to identify all English language studies for all years up to May 2013. Keyword, 
title and abstract information were used. Search terms were ‘tennis elbow AND bilat*’ (the symbol is 
used for identifying all words starting with bilat, eg, bilateral, bilaterally and bilateralism) OR jumper’s 
knee AND bilat* OR ‘tendin* AND bilat*’ OR ‘tendo* AND bilat*’ OR ‘epicondy* AND bilat*’. A 
thorough manual search of the reference lists for all included studies was undertaken to identify articles 
that may not be listed on electronic databases, articles without abstracts that may have been missed by 
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the initial search strategy, articles from networks or conferences and grey literature (ie, theses and 
books).  
4.2.2. Study selection 
Upon retrieval from the above search strategy all titles and abstracts were scanned by LH to 
identify studies that included bilateral measurement in patients with unilateral tendinopathy, and with a 
healthy cohort included for comparison. An a priori decision was made that a deficit on the side 
contralateral to the symptoms could be confirmed if the measure of sensory or motor function of the 
contralateral limb was different to that reported for the corresponding limb of control participants. 
Presence of bilateral deficits could not be determined from comparison between sides within a 
participant with unilateral symptoms as the absence of difference between sides could indicate that 
either (1) no deficit was present for either side or, (2) a deficit was present for both sides. Thus studies 
without a healthy control group for comparison could not be included. For the purposes of this review, 
we defined the motor system broadly as encompassing bone, joint, tendon and muscle as well as 
neuromuscular control. The sensory system was defined as involving nociceptive and proprioceptive 
systems, usually measured with quantitative sensory testing. All eligible studies were recorded and the 
full text was obtained. LH then undertook a detailed evaluation using predetermined criteria based on 
study design, clinical diagnosis of unilateral tendinopathy and quantitative reports of bilateral measures. 
Only data representative of unilateral tendinopathy were included in this review. Studies that included 
individuals with both bilateral and unilateral tendinopathies were retained if data were reported 
separately for the unilateral cases. Reviews, case studies, letters to the editor and studies of animals were 
excluded, along with non-English language publications.  
4.2.3. Quality assessment 
The quality of the included studies was scored using the EAI (Genaidy et al., 2007). The EAI 
was condensed to 26 items. As this review was not focused on clinical trials, items related to 
randomisation, follow-up and environmental variables were not applicable and excluded from the 
assessment. Prior to the quality evaluation, detailed criteria to determine each response were modified 
from the original tool to match the purpose of this review and agreed on by all assessors. Two 
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independent assessors scored the studies. Any disagreements were reviewed by consultation with a third 
party. Each item was independently scored using the standardised scale; ‘Yes’ (score=1), ‘Partial’ 
(score=0.5), ‘No’ (score=0), ‘Unable to determine’ (score=0) or ‘Not applicable’ (item was removed 
from scoring). Studies were given an overall score, which was derived as an average of the total for all 
26 items (range 0–1). 
4.2.4. Data extraction 
LH completed data extraction, with all queries discussed and resolved by all assessors. Data 
describing the sample population and study methodology as well as the descriptives for the reported 
measures of pain, sensory and motor function were extracted for the contralateral side in unilateral 
tendinopathy and the corresponding side in controls. If additional information was required authors were 
contacted. Studies were reviewed for measures of pain, sensory and motor functions. Measures were 
considered relevant if they measured any aspect of the sensory system (eg, pressure or temperature pain 
thresholds and proprioception), physical features of anatomy (eg, wrist angle and structural tendon 
changes) and motor function (eg, reaction time (simple and complex), corticomotor excitability, 
movement, muscle output (eg, grip strength)).  
4.2.5. Statistical methods 
The reliability of the quality assessment was evaluated using SPSS V.17 software (SPSS Inc, 
Chicago, Illinois, USA). Kappa statistics (κ) were used to report the total inter-rater reliability between 
the two assessors. Inter-rater reliability was considered as poor (<0.00), slight (0.00–0.2), fair (0.21–
0.4), moderate (0.41–0.6), substantial (0.61–0.8) or almost perfect (0.81– 1.0) (Landis & Koch, 1977). 
Where possible and appropriate the data were pooled with formal meta-analytical techniques using 
RevMan 5 (Copenhagen, Denmark: The Nordic Cochrane Centre, The Cochrane Collaboration, 2006). 
A meta-analysis was performed using a random effects model to obtain weighted pooled mean 
differences and their 95% CIs. I squared (I2) was calculated and used as an indicator of the extent 
between trial heterogeneity. Differences in sensory and motor system measures between the side 
contralateral to the tendinopathy symptoms in patients and the corresponding side in pain-free control 
participants were calculated such that negative differences indicate that the measure for the patient with 
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unilateral tendinopathy represented a deficit relative to that for the control participants, and positive 
differences indicate the opposite. SMD and their 95% CI were calculated where meta-analysis was not 
possible. SMDs were interpreted as small 0.2, medium 0.5 and large 0.8 effect size (Cohen, 1988). 
 
4.3. Results 
4.3.1. Database search 
The comprehensive search strategy yielded a total of 5791 publications from electronic 
databases and manually searched reference lists. All titles and abstracts were screened and 117 
potentially relevant studies were identified. Of these, 25 satisfied the selection criteria and reported 
bilateral nociceptive, sensory and motor measures of participants with unilateral tendinopathy contrasted 
with data for controls (Figure 4-1). Two studies were excluded as they reported secondary presentation 
of data published elsewhere (Alizadehkhaiyat et al., 2009; Chourasia, Buhr, Rabago, Kijowski, & Sesto, 
2012b). Seven authors were contacted during data extraction to provide additional information for the 
following reasons: data only presented graphically (Strizak, Gleim, Sapega, & Nicholas, 1983); 
symptomatic and asymptomatic limb data combined (Crossley et al., 2007; Dauty, Dupré, Potiron-Josse, 
& Dubois, 2007; du Toit et al., 2008); no control data for a specific outcome measure (Fernández-
Carnero, Fernández-De-Las-Peñas, De La Llave-Rincón, Ge, & Arendt-Nielsen, 2008) and insufficient 
details for data (Bisset et al., 2006b; Gaida, Cook, Bass, Austen, & Kiss, 2004). Three authors supplied 
data on at least one outcome; one provided insufficient useable data; and two were unable to be 
contacted. Of the 25 studies that satisfied the inclusion criteria a total of 20 were included in the review. 
The composition of these per anatomical region included 17 LE, 1 patella tendinopathy, 1 Achilles 
tendinopathy and 1 rotator cuff tendinopathy.  
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Figure 4-1 Selection process for studies included in this review 
 
4.3.2. Study characteristics  
Studies varied in terms of location, timing and population. Eight studies (40%) were conducted 
in Australia, four (20%) in Spain, two (10%) in Canada and one (5%) each in the USA, the UK, Finland, 
Norway, Sweden and Denmark. One study (5%) was published in the 1980s; two (10%) in 1990s; 11 
(55%) in 2000s and six (30%) since 2010. Sample sizes varied widely from 19 (Brox et al., 1997) to 238 
participants (Bisset, Coppieters, & Vicenzino, 2009). In general the number of LE participants did not 
match the number of controls. 
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4.3.3. Quality assessment 
The overall agreement between the two reviewers was almost perfect (κ=0.897, p<0.01) (Landis 
& Koch, 1977) with 484 agreements of 520 decisions. The results from the quality assessment using the 
modified EAI (Genaidy et al., 2007) demonstrated a median score of 0.46 (range 0.29–0.63) out of a 
possible 1 (Table 4-1). Overall the quality assessment revealed only 15% (3 of 20) used diagnostic 
imaging as part of the eligibility criteria; only 25% (5/20) clearly described their study population and 
how and where they recruited participants, and only 20% (4/20) used priori sample size calculations. 
Only 35% (7/20) of the studies described their study design and no longitudinal or prospective studies 
were identified. The two reviewers were unable to determine if any study blinded the participants to the 
outcome measures and only 15% (3/20) of studies blinded the assessors to the participant’s condition 
during the experiments. Despite the importance of using validated measures only 5% (1/20) of the 
studies reported the validity of their main measures. No studies included prior history of the condition in 
the analysis, 20% (4/20) adjusted for individual covariates and confounders, 10% (2/20) reported the 
results by severity of the condition and 15% (3/20) reported the results by subgroups defined by age and 
gender.  
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Table 4-1 Quality assessment of included studies 
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at et al., 2007) 1 1 0 0.5 0 0 0 0 1 1 1 1 0 0.5 UTD 0 N/A 0 UTD 0.5 0 UTD 0 0 0 0 0.30 
(Bisset et al., 
2006b) 1 1 1 0.5 
0.
5 0.5 0 1 1 0.5 
0.
5 1 0 0.5 UTD 0 N/A 
0.
5 UTD 1 0.5 0.5 0 1 0 1 0.54 
(Bisset et al., 
2009) 1 1 1 1 
0.
5 0.5 0.5 1 1 1 1 0 0.5 0.5 UTD 0 N/A 1 UTD 1 0 UTD 0 1 1 1 0.62 
(Brox et al., 
1997) 1 1 0 0 
0.
5 0.5 0 0 1 1 1 1 0 0 UTD 0 N/A 0 UTD 1 0 1 0 0 0 0 0.36 
(Chourasia et 
al., 2012) 1 1 1 0.5 1 1 0 1 1 1 1 0 1 0.5 0.5 0 0 0 UTD 1 1 0 0 0.5 0 0 0.56 
(Coombes et al., 
2012a) 1 1 1 0.5 
0.
5 1 0 1 1 1 1 1 0 0.5 UTD 0 N/A 0 UTD 1 0.5 UTD 0 1 0 0 0.52 
(Coombes et al., 
2012b) 1 1 1 0.5 
0.
5 1 0.5 0 1 1 1 1 0 0 UTD 1 N/A 0 UTD 1 0.5 1 0 0 1 1 0.60 
(Crossley et al., 
2007) 1 1 1 0 1 1 0 1 1 1 1 1 0 0 UTD 0 0.5 0 UTD 1 0 0.5 0 1 0 0 0.50 
(Dessureault et 
al., 2008a) 1 1 0 0.5 
0.
5 1 0 0.5 1 0.5 
0.
5 
0.
5 0 1 UTD 0 N/A 0 UTD 0 0 UTD 0 0.5 0 0 0.34 
(Dessureault et 
al., 2008a) 1 1 0 0.5 
0.
5 1 0 0.5 1 0.5 
0.
5 1 0 1 UTD 0 N/A 0 UTD 0 0 UTD 0 0.5 0 0 0.36 
(du Toit et al., 
2008) 
1 1 1 1 1 0.5 1 N/A 1 1 1 1 0 0.5 1 1 0 0.
5 
N/A 0 0 1 0 N/A 0 0 0.63 
(Fernández-
Carnero et al., 
2008) 
1 1 0 0.5 0.5 0.5 0 0.5 1 1 1 1 0 1 UTD 0 N/A 
0.
5 UTD 0.5 0 0 0 0 0 0 0.40 
 58 
 
Study 1.
 H
yp
ot
he
si
s/a
im
s?
 
2.
 M
ai
n 
ou
tc
om
es
? 
3.
 S
tu
dy
 d
es
ig
n?
 
4.
 P
op
ul
at
io
n 
an
d 
sa
m
pl
in
g 
fra
m
e?
 
5.
 E
lig
ib
ili
ty
 c
rit
er
ia
? 
6.
 P
ar
tic
ip
an
t c
ha
ra
ct
er
ist
ic
s?
 
7.
 C
ha
ra
ct
er
is
tic
s o
f s
ub
je
ct
s 
lo
st
? 
8.
 C
on
fo
un
de
rs
 d
es
cr
ib
ed
 fo
r 
in
di
vi
du
al
 v
ar
ia
bl
es
? 
9.
 S
ta
tis
tic
al
 m
et
ho
ds
? 
10
. M
ai
n 
fin
di
ng
s d
es
cr
ib
ed
? 
11
. R
an
do
m
 v
ar
ia
bi
lit
y?
 
12
. S
ta
tis
tic
al
 p
ar
am
et
er
s?
 
13
. S
am
pl
e 
siz
e 
ca
lc
ul
at
io
ns
? 
14
. B
et
w
ee
n-
gr
ou
p 
co
m
pa
ra
bi
lit
y?
 
15
. I
s r
ec
ru
itm
en
t o
ve
r t
he
 
sa
m
e 
pe
rio
d 
of
 ti
m
e?
 
16
. S
ub
je
ct
 lo
ss
es
 a
cc
ou
nt
ed
 
fo
r?
 
17
. D
ia
gn
os
tic
 im
ag
in
g 
re
lia
bl
e?
 
18
. A
re
 a
ss
es
so
rs
 b
lin
de
d?
 
19
. A
re
 su
bj
ec
ts
 b
lin
de
d?
 
20
. O
ut
co
m
e 
m
ea
su
re
s 
re
lia
bl
e?
 
21
. O
ut
co
m
e 
m
ea
su
re
s v
al
id
? 
22
. M
et
ho
ds
 st
an
da
rd
is
ed
? 
23
. A
na
ly
sis
 in
cl
ud
es
 p
rio
r 
hi
sto
ry
? 
24
. I
s t
he
re
 a
de
qu
at
e 
ad
ju
stm
en
t f
or
 c
ov
ar
ia
te
s a
nd
 
co
nf
ou
nd
er
s?
 
25
. R
ep
or
te
d 
by
 se
ve
rit
y?
 
26
. R
ep
or
te
d 
by
 su
bg
ro
up
s?
 
T
O
T
A
L
 S
C
O
R
E 
(Fernández-
Carnero et al., 
2009b) 
1 1 0 1 0.5 0.5 0 0 1 1 1 1 0 0 UTD 0 N/A 0 UTD 1 0.5 1 0 0 0 0 0.42 
(Fernández-
Carnero, 
Fernández-De-
Las-Peñas, de la 
Llave-Rincón, 
Ge, & Arendt-
Nielsen, 2009a) 
1 1 0 1 0.5 0.5 0 0.5 1 1 1 1 1 1 UTD 0 N/A 1 UTD 1 0 1 0 0.5 0 0 0.56 
(Fernández-de-
las-Peñas et al., 
2010) 
1 1 0 0.5 0.5 0.5 0 0 1 1 1 1 1 0.5 UTD 0 N/A 1 UTD 1 0 1 0 0 0 0 0.48 
(Grigg et al., 
2012) 1 1 0 0 
0.
5 1 0 1 1 1 1 1 0 1 UTD 0 N/A 0 UTD 0 0 UTD 0 0 0 0 0.38 
(Lundeberg, 
Abrahamsson, 
Bondesson, & 
Haker, 1988) 
0.
5 
1 0 0.5 0 0.5 0 0 1 1 1 1 0 0.5 UTD 0 N/A 0 UTD 0 0 UTD 0 0 0 0 0.28 
(Pienimäki et 
al., 1997) 
0.
5 1 0 0.5 
0.
5 0.5 0 1 1 1 1 1 0 1 UTD 0 N/A 0 UTD 1 0 1 0 0.5 0 0 0.46 
(Ruiz-Ruiz et 
al., 2011) 1 1 0 1 
0.
5 0.5 0 0.5 1 1 1 1 1 1 UTD 0 N/A 0 UTD 0.5 0 UTD 0 0.5 0 0 0.46 
(Slater et al., 
2005) 1 1 0 0.5 
0.
5 0.5 0 0 1 1 1 1 0 1 UTD 0 N/A 0 UTD 0 0 1 0.5 0 0 0 0.40 
% scoring Yes 90 100 35 25 15 35 5 35 100 85 85 85 20 40 5 10 0 15 0 55 5 40 0 20 10 15  
Yes = 1 (Black); Partial = 0.5 (Grey); No = 0 (White); UTD = unable to determine (White) = 0; N/A = not applicable = item removed from scoring (White); 
Total score out of 1  
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4.3.4. Meta-analysis 
Not all studies contributed data to the meta-analysis as many were the only study for 
tendinopathy in a specific anatomical location (i.e. patella tendinopathy, rotator cuff tendinopathy and 
Achilles tendinopathy) and there were differences in measurements used, with some reported in only 
one study (e.g. corticomotor excitability or electrical pain thresholds). The studies that could not be 
included in the meta-analysis are discussed individually in the ‘appraisal’ section. Only studies of 
patients with LE could be subjected to meta-analyses. Of these, six studied pressure pain threshold at 
sites other than the elbow, three studied heat pain and cold pain thresholds bilaterally, and two studied 
reaction time and speed of movement bilaterally. The weighted pooled mean difference demonstrated 
that pressure pain thresholds were 144.3 kPa (95% CI 119.2 to 169.2, I2=46%) lower in the participant’s 
limb that was contralateral to the unilateral LE symptoms than the corresponding side of controls 
(p<0.001; Figure 4-2). Heat pain thresholds were 1.2°C (95% CI 0.2 to 2.1, I2=33%) lower and cold 
pain thresholds were 3.1°C (95% CI 1.8 to 4.4, I2=0%) higher on the contralateral side of participants 
with unilateral LE than the corresponding side of controls (p<0.001; Figure 4-3). 
Reaction time to lift the hand off a button task was 37.8 ms (95% CI 24.8 to 50.7, I2=54%) 
slower and two choice reaction time in a movement to a target task was 36.0 ms (95% CI 25.8 to 46.1, 
I2=0%) slower in the contralateral side of patients than the corresponding side of controls (p<0.001; 
Figure 4-4). Speed of movement was 20cm/s (95% CI 35.3 to 4.6, I2=52%) slower in the contralateral 
side of patients than controls (p<0.001; Figure 4-4).  
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Figure 4-2 Forest plot of pressure pain thresholds. LE = lateral epicondylalgia, H = healthy control, kPa 
= kilopascals 
 
Figure 4-3 Forest plot of temperature pain thresholds. LE = lateral epicondylalgia, H = healthy control, 
C° = degrees Celsius 
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Figure 4-4 Forest plot for reaction time and speed of movement. LE = lateral epicondylalgia, H = 
healthy control, RT = reaction time, SoM = speed of movement, ms = milliseconds, cm/s = centimeters 
per second 
 
4.3.5. Appraisal 
Studies unable to be included in the meta-analysis are considered in four key themes related to 
changes in (1) motor, (2) sensory and (3) nociceptive systems, as well as (4) variants in 
anthropometry/anatomy. This section presents differences between the contralateral limb of patients and 
data for control participants. All included studies of sensory, motor and nociceptive systems and the 
majority of the muscle strength studies investigated unilateral LE.  
4.3.6. Motor measures  
A study of corticomotor excitability (resting motor threshold, stimulus response curve, silent 
period and motor evoked potential), as measured by transcranial magnetic stimulation, demonstrated no 
differences between the symptomatic or contralateral limb in 14 patients and 16 controls (Dessureault et 
al., 2008a). A delay in the activation of the wrist extensor muscles during rapid gripping (n=13 patients 
and controls) (Chourasia et al., 2012) is longer in patients’ contralateral side (mean: 64±24 ms) 
compared with controls (mean: 39±14 ms; p<0.001), while rate of force development (in the same 
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study) did not differ between the two groups. Evaluation of wrist position during a spontaneous gripping 
task in 40 patients and 40 controls showed patients gripped in 11° (95% CI 7° to 14°, p<0.001) more 
flexion than controls, bilaterally (Bisset et al., 2006b). Two studies assessed one-choice reaction time of 
pointing to a target and speed-of-movement in patients compared to controls (Bisset et al., 2006b; 
Pienimäki et al., 1997), which could not be meta-analysed due to significant heterogeneity, I²=76% 
(p<0.001). Both demonstrated slower reaction time on the contralateral side of the patients than the 
controls (13% (SMD 0.84) and 22% (SMD 1.13)) (Bisset et al., 2006b; Pienimäki et al., 1997). 
Five studies investigated maximal grip strength, using a hand-held dynamometer, in patients 
with unilateral LE (Alizadehkhaiyat et al., 2007; Bisset et al., 2006b; Chourasia et al., 2012; Coombes et 
al., 2012b; Slater et al., 2005), which could not be meta-analysed due to significant heterogeneity 
I²=89% (p<0.001). Three demonstrated a small (SMD 0.24 to 0.36) (Chourasia et al., 2012; Coombes et 
al., 2012b; Slater et al., 2005), and one a large (SMD 2.38) reduction in strength in patients than controls 
(Alizadehkhaiyat et al., 2007). The remaining study demonstrated a greater strength (SMD −0.59) in 
patients (284±79N) than controls (mean 234 N±86) (Bisset et al., 2006b). All studies, except one 
(Alizadehkhaiyat et al., 2007) demonstrated a significant difference between sides within the patient 
group (Bisset et al., 2006b; Chourasia et al., 2012; Coombes et al., 2012b; Slater et al., 2005).  
Studies of other strength measures have focused on upper limb tendinopathy, particularly 
unilateral LE. Isometric elbow flexion and extension strength has been shown to be no different between 
164 patients with unilateral LE and 54 controls (Coombes et al., 2012a) (patients—flexion; 246.7±40.4 
N, extension 185.9±31.8 N; controls—flexion; 245.7±40.4 N, extension; 185.9±32.3 N; SMD Flexion 
0.02, SMD Extension 0.00). Wrist extension strength has been shown to be 24% less in 20 patients (87.0 
±40.3 N) than controls (114.0±30.3 N; SMD 0.75) (Slater et al., 2005). Another study reported isometric 
strength measures of a range of upper limb muscles in 16 patients with unilateral LE and controls and 
showed a strength deficit of 16–29% (Table 4-2) (Alizadehkhaiyat et al., 2007). There was no 
significant difference between sides in the patients for any of the strength measures (p=>0.05). 
Isometric strength has also been assessed for unilateral rotator cuff tendinopathy. Rather than a 
decrease, isometric shoulder abduction strength was 15% greater in 10 patients with unilateral rotator 
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cuff tendinopathy compared with 9 controls (Brox et al., 1997) (patients: 223±89 N; controls: 189±63 
N, SMD 0.44). 
 
Table 4-2 Strength differences between the contralateral side of patient and healthy controls (mean±SD) 
 Patient 
(n = 16) 
Control 
(n = 16) 
 SMD 95% CI 
Metacarpo-phalangeal joint extension 41±16 N 58±16 N 1.04 [0.29, 1.78]* 
 
Metacarpo-phalangeal joint flexion 67±36 N 91±20 N 0.80 [0.08, 1.53]* 
 
Wrist joint extension 70±44 N 97±24 N 0.74 [0.02, 1.46]* 
 
Wrist joint flexion 95±56 N 119±24 N 0.54 [-0.16, 1.25] 
 
Shoulder internal rotation 113±64 N 144±48 N 0.53 [-0.17, 1.24] 
 
Shoulder external rotation 81±40 N 97±28 N 0.45 [-0.25, 1.15] 
 
Shoulder abduction 127±68 151±40 N 0.42 [-0.28, 1.12] 
 
* significant difference between LE group and pain-free control. 
4.3.7. Sensory measures 
Proprioceptive acuity has been assessed by the ability to discriminate between two weights 
between 100 and 130 g in steps of 2 g increments using custom-built equipment (Dessureault, 
Tremblay, & Bilodeau, 2008b). Weber’s fraction, which expresses the acuity threshold (minimum 
difference in weight that can be detected) as a proportion of 100 g, was not different between the 
contralateral side of patients and controls (4.9±3.2%; and 5.4±2.1%, respectively, p>0.05) (Dessureault 
et al., 2008b), but was less for the symptomatic side (8.2±3.0%, p=0.001) than the contralateral side.  
4.3.8. Nociceptive system measures  
In contrast to the meta-analysis for pressure and temperature pain thresholds, a study of 
electrical pain thresholds by means of stimulation to the skin over ECR, in 18 patients and 16 controls, 
demonstrated no significant difference between the contralateral side of the patients and controls 
(Lundeberg et al., 1988), but the symptomatic side was significantly more sensitive than the 
contralateral side. Muscle trigger points have been assessed using a standardised method by an 
experienced assessor blind to the patient’s condition, in 25 patients and 20 controls (Fernández-Carnero 
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et al., 2008). The number of latent trigger points in the contralateral side of patients (2.2, 95% CI 1.8 to 
2.6) was higher than that in controls (0.4, 95% CI 0.0 to 0.07, p<0.001, SMD 0.89). 
4.3.9. Anatomic/anthropometric measures  
In patients with patella tendinopathy (Crossley et al., 2007), longitudinal arch height of the foot, 
during maximum weight bearing is lower in patients (42.0±7.4 mm) than controls (50.4±5.9 mm; SMD 
1.29), but there were no differences between sides within the patient group (symptomatic: 42.3±8.2 
mm). There was no difference in an indirect measure of hamstring length or ankle dorsiflexion between 
groups.  
Two imaging studies used ultrasound to measure local anatomy at the Achilles tendon (in 
unilateral mid-portion Achilles tendinopathy)(Grigg et al., 2012) and the common extensor tendon of 
the elbow (in LE) (du Toit et al., 2008), without blinding of the sonographer. The thickness of the 
Achilles tendon was slightly greater and the echogenicity less on the contralateral side of 11 patients 
with Achilles tendinopathy (6.6±1.2 mm and 82.9±12.9 U, respectively) than that of 9 controls (5.0±1.3 
mm and 119.3±13.5 U, respectively; p=<0.05) (Grigg et al., 2012). The symptomatic tendon (9.4±1.2 
mm) was thicker than the contralateral tendon, but there was no difference in echogenicity (76.7±11.7 
U). Another study investigated the accuracy of power Doppler imaging for the diagnosis of unilateral 
LE (du Toit et al., 2008). There was a tendency towards a thicker tendon on the contralateral side of 
patients (n=18) than controls (n=19), which was in the order of 0.50 mm (95% CI 0.00 to 0.99, p=0.05) 
or 11% of the control group mean tendon thickness (4.47 mm). This difference was comparable to the 
15% greater thickness of the symptomatic tendon (mean—5.82 mm; difference—0.86 mm (95% CI 
−1.35 to −0.36; p=0.002) than the asymptomatic tendon in the LE group. 
 
4.4. Discussion 
This review provides a synthesis of research findings of sensory and motor differences, 
compared with pain-free controls, in the limb contralateral to the side of symptoms in patients with 
unilateral tendinopathy. In general, meta-analysis of data from multiple studies provides evidence of 
significant deficits in the sensory and motor systems, including pressure and thermal pain thresholds, 
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simple reaction time, two-choice reaction time and speed of movement. These results align with findings 
from other studies that could not be included in the meta-analyses (due to study population or 
measurements) and studies of other musculoskeletal conditions that demonstrate contralateral sensory 
and motor system deficits in patients with unilateral carpal tunnel syndrome, (Fernández-de-las-Peñas et 
al., 2009) and chronic wrist pain (Smeulders, Kreulen, Hage, Ritt, & Mulder, 2002). For instance, 
Fernández-de-las-Peñas et al. (2009) reported lower pressure pain thresholds over the peripheral nerves, 
the carpal tunnel and the C5–C6 zygapophyseal joints of the asymptomatic side in women with 
unilateral carpal tunnel syndrome than for pain-free controls. Smeulders et al. (2002)  quantified motor 
control using a writing task with measures of fluency, size and velocity of stroke patterns in patients 
with unilateral chronic wrist pain and controls. The patients were significantly less fluent than the 
controls in both their symptomatic and contralateral arm, suggesting bilateral motor system deficits.  
It is tempting to speculate that sensory system deficits might be attributed to abnormalities of 
central pain processing. Central sensitisation arises from convergence of noxious and non-noxious 
inputs on the wide dynamic range neurons in the dorsal horn (Yunus, 2007) with subsequent enhanced 
sensitivity to painful (hyperalgesia) and normally non-painful (allodynia) stimuli over an area extending 
beyond the injured segment. Central sensitisation is present in many chronic pain conditions such as fibromyalgia, low back pain, complex regional pain syndrome (Henry, Chiodo, & Yang, 2011), 
migraine, tension-type headache and myofascial pain syndrome (Yunus, 2007).The widespread 
hyperalgesia extending to the contralateral limb in unilateral tendinopathy appears similar to that present 
in other chronic pain states. 
Several mechanisms may explain the bilateral changes in motor system function. First, it is well 
known that unilateral exercise leads to strength and skill adaptations bilaterally through a process known 
as ‘cross education’ (Lee & Carroll, 2007). Significant gains in contralateral strength (Hortobágyi, 
Lambert, & Hill, 1997; Zhou, 2000) and skill (Kim, Cha, & Fell, 2011) have been shown with unilateral 
exercise, regardless of whether it is active volitional, facilitated (electrical stimulation) or imagined. The 
reverse, due to a unilateral reduction in activity might explain the effects in the contralateral side. The 
underlying mechanisms for cross education are poorly understood, but likely involve spinal and supra-
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spinal centres. As H-reflex amplitudes (which largely depend on spinal motoneuron excitability) do not 
change in the untrained muscle, despite strength gain (Dragert & Zehr, 2011; Fimland et al., 2009; 
Lagerquist, Zehr, & Docherty, 2006) supra-spinal mechanisms are more likely. Relevant cortical 
mechanisms are thought to involve a complex network of interhemispheric connections and ipsilateral 
corticospinal fibres from the primary motor cortex, which provide neural drive to the contralateral 
muscle during unilateral contraction (Carroll, Herbert, Munn, Lee, & Gandevia, 2006; Carson, 2005). 
Corticospinal excitability (measured by transcranial magnetic stimulation) to hand muscles increase 
during contraction of the opposite side (Muellbacher, Facchini, Boroojerdi, & Hallett, 2000; Stedman, 
Davey, & Ellaway, 1998; Stinear, Walker, & Byblow, 2001), which implies interhemispheric 
interactions. Functional MRI (fMRI) has demonstrated that changes in activation of the contralateral 
motor areas (premotor and primary motor cortex) are similar in both sides during unilateral activation 
(Farthing, Borowsky, Chilibeck, Binsted, & Sarty, 2007; Huang et al., 2006; Kristeva, Cheyne, & 
Deecke, 1991), and unilateral exercise elicits activation in the contralateral somatosensory (Huang et al., 
2006) and left temporal cortices (involved in movement memory) (Farthing et al., 2007). This finding 
suggests that the somatosensory cortex may play a pivotal role in bilateral strength gains with unilateral 
training. It remains unknown, but possible that deconditioning of the symptomatic limb in unilateral 
tendinopathy exhibits a negative form of cross education. This requires further investigation. Second, an 
alternative explanation for the bilateral motor changes is that these features were different from the 
healthy controls in these individuals prior to the onset of tendinopathy and the motor differences could 
even contribute to the condition’s development. This requires consideration in longitudinal studies.  
The studies excluded from the meta-analysis demonstrated consistent lower grip strength on the 
contralateral side of patients with unilateral LE than controls in three of five studies (Chourasia et al., 
2012; Coombes et al., 2012b; Slater et al., 2005) and medium-to-large strength deficits at other distal 
and proximal joints of the upper limb (Alizadehkhaiyat et al., 2007; Slater et al., 2005). There were no 
differences for the direct comparison of elbow flexion and extension between the contralateral side of 
patients and the controls (Coombes et al., 2012a). 
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Two studies revealed a substantial increase in strength of the contralateral side of patients 
compared with controls (Bisset et al., 2006b; Brox et al., 1997). One demonstrated increased grip 
strength on the contralateral side of patients with unilateral LE (SMD −0.59) (Bisset et al., 2006b), 
whereas the other demonstrated increased shoulder abduction strength in patients with unilateral rotator 
cuff tendinosis (SMD −0.44) (Brox et al., 1997). There are several possible explanations. First, it is 
possible that the augmented strength is secondary to a compensatory increase in the functional use of the 
asymptomatic side to protect the injured limb. Second, the patient group might have been stronger than 
the controls prior to the development of the unilateral tendinopathy as a result of activity, which may 
underpin the increased use of the limb leading to the tendinopathy (Bisset et al., 2006b). Both scenarios 
could be addressed by the adoption of a prospective longitudinal study design.  
Bilateral sensory and motor system deficits in unilateral tendinopathy require consideration in 
both clinical practice and research for several reasons. First, the findings of this review highlight the 
importance of inclusion of a healthy matched control group for comparison in studies of features of 
tendinopathy. Second, the presence of differences relative to controls on both the symptomatic and non-
symptomatic sides suggests that there could be benefit from rehabilitation that addresses motor and 
sensory system features on both sides. Specific training of the contralateral limb may also provide 
additional benefits to the symptomatic limb through cross education, through the mechanism discussed 
above. Third, patients participating in sports or occupations requiring rapid bilateral reaction time and 
movement speed such as trap shooting and boxing, may require specifically targeted training to address 
deficits that may present bilaterally. 
This review has some limitations, which require consideration. The meta-analyses included only 
a small number of studies with small sample sizes and of only one tendinopathy (ie, LE). There is a 
clear need for additional studies with larger sample sizes across a range of tendinopathies. The quality of 
studies varied substantially and was overall quite low. A key limitation was the lack of confirmation of 
localised tendinopathy using diagnostic imaging. Only two studies required confirmation of pathology 
with diagnostic imaging for inclusion into the study, and even then neither reported the measure’s 
reliability and only one used diagnostic imaging to verify healthy tendon in controls. 
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4.4.1. Conclusion 
This review highlights that sensory and motor system deficits are common in the non-injured 
limb of patients with unilateral tendinopathy, particularly in LE, which has received most attention in 
literature. These data suggest involvement of the central nervous system in sensory and motor deficits 
seen in unilateral tendinopathy, which likely contribute to the expression of pain and disability. The 
results clearly demonstrate that the contralateral side of the body is unlikely to be valid as a reference 
standard for assessment, either in clinical practice or research and that treatments other than those that 
target local pathology are likely to be required.  
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 Summary of current knowledge of sensorimotor differences in LE  
 
Chapter 3 (Study 1) provides clear indication that few studies have compared motor control 
during gripping between individuals with LE and pain-free individuals. Existing studies have substantial 
methodological limitations such as the use of surface electrodes, and gripping at high force levels that 
are likely to provoke pain. If the task is painful, individuals might use a different pattern to simply avoid 
pain or it might not reveal how the fundamental control of the task differs between individuals with and 
without pain. The array of different methods used to study motor control in LE made it impossible to 
undertake meta-analysis to draw robust conclusions regarding neuromuscular control in this population. 
These challenges provide a clear foundation to study gripping using methods that resolve some of the 
problems identified in existing studies. For this reason Study 4 was designed to study muscle activation 
in gripping of the symptomatic and asymptomatic arm of individuals with unilateral LE and controls 
with no history of elbow pain with fine wire intramuscular electrodes during a pain-free gripping task.  
Chapter 4 (Study 2) identified evidence that features of sensory and motor system differed 
between the asymptomatic arm of individuals with unilateral tendinopathy and pain-free individuals. 
These include reduced threshold for pain perception (e.g. pressure, heat, and cold pain thresholds) and 
differences in sensorimotor tasks (e.g. reaction time, biomechanics). As some authors argue that the act 
of gripping is controlled by muscle synergies (defined as groups of muscle that work together to 
produce a task), Study 5 investigated whether there are differences in the muscles synergies between 
individuals with and without LE (Study 5, see Chapter 9). 
Chapter 4 (Study 2) also identified evidence for tendinopathy-like changes in the asymptomatic 
Achilles tendon that were more extensive than changes in pain-free individuals, but no data of changes 
in the asymptomatic arm of individuals with unilateral LE. This provides a foundation to investigate the 
possibility of tendon changes, visible on musculoskeletal ultrasound and greater than that present in a 
group with no history of elbow pain, in the common extensor tendon of the asymptomatic arm (Study 3, 
see Chapter 7).  
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 Overview of methods: Methods of recruitment, imaging, patient-
reported and functional outcomes, and biomechanics 
 
This chapter provides an overview of the methods used within this thesis and how the methods 
can be used to answer the questions raised in this thesis. Although, the methods used within each study 
are summarised within the relevant chapters, this chapter details additional descriptions of study 
design, participant recruitment and eligibility, procedures and outcome measures that are common to 
more than one study.  
 
6.1. Funding and ethical approval 
The work within this thesis was funded by a National Health and Medical Research Council 
(NHMRC) of Australia Program grant (ID631717) (Hodges, Bennell, Hunter, & Vicenzino, 2009). 
Ethical approval for studies included within Part B of this thesis was approved by The University of 
Queensland Institutional Medical Research Ethics Committee (Approval Number 2004000654) 
(Appendix 3). A plain language English statement outlining instructions and information, was provided 
to each participant prior to participation in any study (Appendix 4). All participants provided written 
informed consent prior to participating (Appendix 5).  
 
6.2. Participants 
Some participants were included in multiple Chapters (Studies 3, 4, & 5). 
6.2.1. Eligibility criteria 
Participants with LE were eligible if they had unilateral pain at the lateral epicondyle for greater 
than six weeks that was provoked by direct palpation, resisted wrist and middle finger extension and 
gripping (Bisset et al., 2006a; Bisset et al., 2006b; Coombes et al., 2012a, 2012b; Coombes et al., 
2009b). Pain-free controls were recruited as a comparison group. Participants were included if they 
were: aged at least 18 years old, with no previous elbow injuries/pain (except for unilateral elbow pain 
in the LE group), no bilateral symptoms, no systemic or neurological disorders (e.g. diabetes, epilepsy), 
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and no neck or arm pain in the preceding six months that had prevented participation in usual sport or 
occupational activities or had been sufficient to lead to seeking care from a healthcare professional (e.g. 
doctor, physiotherapist, chiropractor etc.). Any additional eligibility criteria specific for each chapter are 
described therein.  
 
6.2.2. Recruitment 
Participants were recruited via media advertising using the Quest Community Newspapers 
locally distributed around Brisbane’s surrounding suburbs between January 2013 and June 2014. 
Responders to the advertisements were screened over the phone for those eligibility criteria. Participants 
that satisfied the inclusion criteria over the phone were invited to come in for a clinical examination by a 
Physiotherapist registered for practice in Australia (LH). Any additional information specific to each 
chapter is included within the chapter.  
 
6.2.3. Patient-reported measures of pain and disability 
Patient-reported outcomes are self-reported questionnaires completed by each participant to 
identify how they feel (e.g. pain, discomfort) and function (e.g. opening doors, carrying bags) in relation 
to their health condition. In the early 2000’s MacDermid developed a patient-rated forearm evaluation 
questionnaire to assess the pain severity and function of individuals with elbow pathology (MacDermid, 
2001). In 2005 this questionnaire was modified as the patient rated tennis elbow evaluation (PRTEE) 
form specific to lateral epicondylalgia (MacDermid, 2005) (Appendix 6). The PTREE has been shown 
to be valid and reliable in multiple countries (Nilsson, Baigi, Marklund, & Månsson, 2008; Rompe, 
Overend, & MacDermid, 2007). The PRTEE is a 15 item questionnaire measuring pain severity (5 
questions) and functional disability (10 questions), with the total providing an overall score from 0 – 
100 (higher score implies greater pain and disability) with pain and disability sections contributing 
equally (MacDermid, 2005).  
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6.2.4. Clinical measures 
A clinical measure of pain threshold in individuals with LE is pain-free grip force, which 
measures the maximum amount of force one can generate before the onset of pain (Lim, 2013a). Pain-
free grip force is the recommended clinical measure as it is suggested to be more sensitive to detect 
change (e.g. with treatment) than maximum grip in this population (Stratford & Levy, 1994). In 
comparison to the maximum grip strength on the asymptomatic limb of individuals with LE, pain-free 
grip force is less by an average of 43 – 64% (Abbott et al., 2001; Bisset et al., 2006b; Sran et al., 2002; 
Vicenzino et al., 2001). Although pain-free grip force primarily assessed the motor system, it is also a 
measure of the sensory system as it reflects the amount of force required for the individuals being tested 
to report pain at the lateral epicondyle (Coombes et al., 2009a). Pain-free grip was measured with the 
participant in supine, with the elbow extended and the forearm pronated (Lim, 2013a; Smidt et al., 
2002) (Figure 6-1). The asymptomatic arm was tested first. For that limb the participants generated a 
grip to maximum effort at a steady rate of force increase. The symptomatic arm was then tested at the 
same rate of force increase with the instructions to cease the grip at the onset of pain. Squeezing the 
dynamometer at a rapid pace challenges the validity of the measure as the participant may grip past the 
point of pain (Lim, 2013a). If participants had pain at rest then grip force was recorded to the first 
increase in pain. Because LE is not often associated with pain at rest this was only assessed on a very 
limited number of participants and resulted in a low force output. In addition, an 11-point NRS (0 = no 
pain, 10 = worst pain imaginable) was used to assess worst pain intensity over the preceding week. 
 
 
Figure 6-1 Pain-free grip position 
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6.3. Procedures 
6.3.1. Musculoskeletal ultrasound imaging procedure and interpretation 
All participants underwent a musculoskeletal ultrasound (MSUS) examination, performed 
bilaterally by one of two qualified musculoskeletal sonographers, each with over nine years experience 
(CitiScan Radiology, Brisbane, Australia). Sonographers used a standardised protocol including 
imaging the tendon in the longitudinal and transverse planes to assess for greyscale features indicative 
of tendinopathy followed by neovascularisation in the right then left arm (Appendix 7). Participants sat 
with the arm supported in 70° of elbow flexion and the wrist in neutral.  
Greyscale imaging was performed using a linear array transducer with a frequency range of 5 to 
17 MHz (Philips IU22 ultrasound, Philips Medical Systems, Bothell, Washington, USA) to assess 
tendon thickening, hypoechoic area/s, fibrillar disruption, and calcification, using a previously 
established scoring system (Poltawski, Ali, Jayaram, & Watson, 2012). Individual greyscale features 
were assigned an ordinal grade using a four-point scale of increasing abnormality (0 = normal, 1 = only 
just apparent, 2 = visible in less than half the tendon, and 4 = visible in more than half the tendon) 
(Poltawski et al., 2012) (Figure 6-2). The sum of the individual greyscale features was used to calculate 
a total “greyscale score” with a maximum rating of 12. Power Doppler imaging was used to identify 
intra-tendon neovascularity using a pulse repetition frequency of 500 Hz, wall filter of 40 Hz and pre-set 
colour gain of 80%. Neovascularity was scored using a five-point ordinal scale (0 = normal, 1 = single 
small signal, 2 = several signals visible in less than 33% of the tendon, 3 = multiple signals visible in 
33% - 66% of the tendon, and 4 = multiple signals in more than 67% of the tendon) (Poltawski et al., 
2012).  
Using specialised software inbuilt into the Philips IU22 machine (Philips Medical Systems, 
Bothell, Washington, USA), the sonographers measured tendon thickness in millimetres, and 
hypoechoic volume in cubic millimeters by placing markers on the borders of the tendon in the 
longitudinal plane and around the areas of interest in both the longitudinal and transverse plane, 
respectively. To establish inter-tester reliability, both sonographers scored nine participants 
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independently. The analysis and results of inter-tester reliability between sonographers is presented in 
Chapter 7 (Section 7.2.4 and section 7.3.1, respectively). 
 
 
Figure 6-2 Longitudinal view of a normal common extensor tendon 
 
6.3.2.  Recording of myoelectric activity 
EMG records the electrical activity produced by an action potential. Muscle fibres are 
innervated in small groups by a single motoneuron, which is known as a motor unit. For contraction of a 
muscle, action potentials are propagated along the axon of the motoneuron, until it reaches the 
neuromuscular junction (i.e. synapse between the axon terminal and the muscle fibre membrane). The 
action potential causes the release of the neurotransmitter, acetylcholine, from the axon terminal, which 
diffuses across the synapse and binds to receptors on the muscle membrane causing an influx of Na+ 
ions into the muscle fibre. This influx of Na+ ions stimulates the excitation of voltage sensitive Na+ 
channels, which leads to further diffusion of Na+ ions, resulting in depolarization of the muscle fibre 
membrane. Shortly after this occurs, voltage sensitive K+ channels open and K+ diffuses out of the 
muscle membrane, which restores the resting membrane potential. This process simultaneously takes 
place in adjacent muscle fibre and propagates down the transverse tubules (T-tubules), which travel 
deep into the muscle fibre. The depolarization of the T-tubules causes the release of Ca2+ ions from the 
sarcoplasmic reticulum. The elevation of Ca2+ ions within the muscle fibre removes the troponin 
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molecule from the myosin binding sites on the actin myofilament thus allowing myosin heads to bind to 
the actin, forming cross-bridges. Via a conformational change in angle of the myosin head, these cross-
bridges cause myofilaments (actin and myosin) to slide relative to each other to generate force. EMG 
records the change in voltage (i.e. EMG signal) as the electrical impulse (i.e. action potential) travels 
along the muscle fibre membrane, during muscle contraction. This can be recorded from the surface of 
the skin, using surface electrodes or from within a muscle using intramuscular electrodes. Selection of 
the electrode type depends of the requirements of the experiment. When recording gross EMG activity, 
the EMG interference pattern is the summation of action potentials from multiple motor units (Farina, 
Merletti, & Enoka, 2004). As EMG provides a measure of the pattern of recruitment of muscles (timing 
and amplitude), EMG recordings of the individual muscles of the forearm/wrist involved in gripping 
and related to the pathology of LE are likely to provide information to address the questions raised in 
this thesis. 
 
6.3.2.1. Intramuscular electrodes 
Intramuscular fine wire electrodes are used to record EMG from within a single muscle or a 
small area of a muscle (Basmajian & De Luca, 1985; Rudroff, 2008). The size of the detection area 
depends on the size of the exposed area of wire. Bipolar intramuscular fine wire electrodes are 
fabricated using two wires (e.g. Teflon coated stainless steel) inserted into a hypodermic needle. Wire 
coating, using materials such as Teflon, insulate the wire from electrical events and is removed in small 
areas to create a recording surface. To fabricate the electrodes, first, a small amount of Teflon (the 
amount of Teflon removed is dependent on the aim and objective of the study, i.e. the more Teflon 
removed the greater the recording surface) is removed from one end of each wire, to form the recording 
surface, which will be inserted into the muscle (Basmajian & Stecko, 1962) . Second, the end of each 
wire with the Teflon just removed is bent back at staggered lengths, to ensure the two recording surfaces 
cannot touch and to form a hook which will help secure the wire into the muscle (Figure 6-3) 
(Basmajian & Stecko, 1962). Third, a small amount of Teflon is removed from the opposite end of each 
wire to allow sufficient contact to the connector of the EMG amplifier (e.g. alligator clip). The size of 
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the electrode including the wire and needle length depends on the depth of the muscle to be investigated 
(i.e. deeper muscles such as multifidus require a longer needle and a longer length of wire).  
An advantage of intramuscular electrodes over traditional surface electrodes is the ability to 
record selectively from small and deep muscles. Although these muscles contribute to recordings made 
with surface electrodes, intramulscular electrodes are necessary to establish the component that arises 
from these muscles. When recording from muscles in close proximity (e.g. the forearm), the use of 
intramuscular electrodes allows the recording of each muscle independently and limits cross-talk, which 
can occur with surface electrodes (Gielen, 1999; Mogk & Keir, 2003a; Rudroff, 2008). There are some 
limitations of intramuscular electrodes, including the lack of repeatability of recordings between days 
due to differences in the location of the electrodes and therefore the population of motor units being 
recorded. Additionally, fine wire electrodes have been proposed as impractical and difficult to use in 
some contexts because of their invasiveness and potential for discomfort (Rudroff, 2008). Although 
discomfort is possible and varies depending on the type and intensity of the contraction, recent work has 
shown that the use of fine wire intramuscular electrodes are associated with minimum discomfort during 
motor control tasks, <1 out of 10 on the visual analogue scale (Armour Smith & Kulig, 2015).  
The risks associated with fine wire electrodes, include, fainting and infection. To manage the 
risk of fainting participants must be informed of all procedures, including the necessity to notify the 
experimenter if they experience light headed or dizzy sensations. Insertions are best performed with the 
patient in a sitting or recumbent position with sufficient room for a participant to lie down either on a 
plinth positioned behind the participant or on the floor if the participants cannot make it to the plinth. 
Continuous communication between researchers and participants ensures that this risk in minimized 
throughout the procedure. In order to manage the risk of infection (for both the participant and 
researcher) the use of aseptic techniques are followed including personal protective equipment (e.g. 
safety glasses). Prior to each insertion the fine wire electrode is sterilized, the researcher wears sterile 
surgical gloves (Garmmex®, Ansell Ltd, Victoria, Australia), and uses surgical grade skin sanitizer (BD 
Persist™ Plus, Becton Dickson Infusion Therapy Systems Inc., Utah, USA) to disinfect the surrounding 
area.  
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For the studies described in this thesis, fine wire electrodes were constructed using two 15-cm 
strands of 75 μm Teflon-coated stainless steel wire (A-M Systems: USA). One and a half millimetres of 
insulation was removed from the end of each wire to form the recording surface. After insertion into a 
hypodermic needle (Terumo, Japan; 25 gauge, 25mm) the exposed tips were bent back by staggered 
lengths of 1.5 mm and 3 mm to avoid contact between wires and to form a catch that would help secure 
the wire in the muscle. 
 
 
Figure 6-3 Fine wire electrode with insert of magnified bevel and fine wires of the needle 
 
6.3.2.2. Electrode placement 
Table 6-1 details the standardised electrode placements that were used for all studies. Where 
possible, electrode position was chosen with reference to recommendations from the literature (Riek, 
Carson, & Wright, 2000; Rudroff, 2008), taking into account the location of the muscle belly and motor 
point (or innervation zone). The motor point is the area within the muscle where the motoneuron 
terminates on the muscle fibre and causes depolarization of the muscle cell in both directions (Saladin, 
2011). EMG recordings from electrodes positioned near the motor point are likely poor quality and non-
reproducible, due to increased signal instability (De Luca, 1997; Rudroff, 2008). Electrode placement 
over the distal musculo-tendinous junction is also problematic due to the lack of electrical signal within 
this tissue. The ideal location to produce a stable and reproducible signal is over the muscle belly 
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midway between the motor point and tendon, where the action potentials travel in a single direction 
along the muscle fibre.  
Exact location of intramuscular fine wires within the muscle are not visible once in place and 
depend on accurate placement using techniques to confirm the placement within the required muscle. In 
this thesis palpation during contraction and real-time ultrasound was used to identify the muscle 
location, depth and associated anatomy (e.g. arteries, nerves) prior to the insertion of the electrode. Once 
in place the EMG signal during contraction of the muscle were used to confirm electrode placement. 
The electrodes were fixed in place using Fixomull extensible dressing (Beiersdorf, NSW, Australia).  
A ground electrode, also known as a reference electrode, is essential to provide a common 
reference to the differential input of the each electrode in a bipolar configuration, and as such should be 
placed over an electrically neutral tissue (e.g. over a bony prominence) (De Luca, 2002). For the studies 
of this thesis, ground electrodes (3M Red Dot, London) were placed over the lateral epicondyles. When 
applying a ground electrode it is imperative to have exceptional contact between the electrode and the 
skin to reduce electrical impedance ("Standards for reporting EMG data," 1999). In accordance with 
published recommendations, prior to the application of the ground electrode the skin over the lateral 
epicondyle was scrubbed with an abrasive gel and wiped with alcohol to remove debris and ensure the 
appropriate electrode contact (Hermens, Freriks, Disselhorst-Klug, & Rau, 2000; "Standards for 
reporting EMG data," 1999).  
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Table 6-1 Electrode placement 
 Landmark 1 Landmark 2 
Distance from 
landmark 1  
Reference 
ECRB Attachment of ECRL Radial styloid process ~47% (Riek et al., 2000) 
ECRL Attachment of ECRL Radial styloid process ~17% (Riek et al., 2000) 
EDC Lateral epicondyle Radial styloid process ~45%  
FCR Medial epicondyle 
Midline of the distal wrist 
crease 
~25% (Rudroff, 2008) 
FDS Medial epicondyle Ulnar styloid process ~33%  
FDP Olecranon process Ulnar styloid process ~33%  
Ground  Lateral epicondyle n/a n/a (Hermens et al., 2000) 
ECRB – extensor carpi radial brevis, ECRL – extensor carpi radialis longus, EDC – extensor digortum 
communis, FCR – flexor carpi radialis, FDS – flexor digitorum superficialis, FDP – flexor digitorum 
profundus, ~ - approximately, n/a – not applicable 
 
6.3.2.3. Recording parameters 
All EMG recordings were differentially amplified. This process amplifies elements of the signal 
that differ between the two electrodes (e.g. action potentials, which arrive at each electrode at different 
times if they are different distances from the neuromuscular junction), and reduces the size of signals 
that are common to both (e.g. noise) (Konrad, 2005). Other important parameters in the recording of 
EMG are the sampling frequency and filter frequencies. The sampling frequency determines the interval 
between successive recordings of signal voltage by the analogue to digital conversion (Konrad, 2005). 
The sampling theorem described by Nyquist states that the sampling frequency must be at least twice as 
high as the maximum expected frequency (Konrad, 2005; Merletti & Parker, 2004). The highest 
frequency is determined by the frequency in the signal and the filter settings. Filtering is used to remove 
potential sources of artefact. The signal power of intramuscular EMG is between 5 and 1500 Hz  
(Rudroff, 2008), therefore it is recommended that filtering cut-offs exclude frequencies outside this 
range (Merletti, 1997; Soderberg & Knutson, 2000). Throughout this thesis the raw EMG data was 
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differentially amplified, band-pass filtered between 20 and 1000 Hz, and sampled recorded at a 2000 
Hz.  
There are many sources of external interference that can affect the EMG signal, including 
biological, electrical and movement artefacts. A major source of biological noise when recording EMG 
from the trunk muscles is the electrical activity of the heart (electrocardiogram). This is usually 
identified by its regular and characteristic temporal pattern and is largely removed from recordings of 
muscles distant from the heart (i.e. distal limb muscles) by differential amplification as the ECG will 
arrive at both electrodes in the bipolar configuration at the same time (Loeb & Gans, 1986). External 
noise can be created from surrounding electromagnetic fields, such as power lines, electrical devices 
(e.g. computers), radio signals, and communication signals, and is usually best dealt with at the source 
(Basmajian & De Luca, 1985; Loeb & Gans, 1986). Movement artefacts are quite common in fine wire 
intramuscular EMG due to the movement of the wires during the contraction of the muscle fibres. These 
artefacts are usually large amplitude low frequency (0 to 20 Hz) waves occurring in synch with the 
movements and can be often easily filtered from the signal during processing (Basmajian & De Luca, 
1985; Loeb & Gans, 1986). To limit motion artefact fine wire electrodes were fixed using Fixomull 
extensible dressing (Beiersdorf, NSW, Australia). Artefacts that occurred during data collection that 
could not be addressed at the source (during data recording) were removed during signal processing 
using appropriate filtering techniques.  
 
6.3.3. Measurement of grip force 
Grip force was measured using an electronic grip dynamometer with a handle weight of 0.452 
kg, and a set position adjusted to 4.5 cm for men and 3.5 cm for women (MIE Medical Research Ltd, 
2011) (Figure 6-4). This lightweight rigid device is manufactured using aerospace alloy and has a 
special patented design that overcomes leverage effects when gripping the handle. This means that the 
measured force is the same, irrespective of the hand position along the grip handles of the dynamometer 
(MIE Medical Research Ltd, 2011). The force signal was recorded at 100 Hz using a Power1401 Data 
Acquisition system and Spike2 software (Cambridge Electronical Design, Cambridge, UK). 
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Figure 6-4 Electronic grip dynamometer 
 
6.3.4. Measurement of wrist position 
To provide a measure of wrist position during the gripping task, an electrogoniometer was 
applied bilaterally to each participant (Figure 6-5) (Biometrics Ltd., Newport, UK). This lightweight 
device is made of two end blocks with a wire spring between and has two outputs designed to record 
real time joint angle in two planes (flexion/extension and radial/ulnar deviation) (Biometrics Ltd., 
Newport, UK). This thesis was interested in investigating the wrist position in the flexion/extension 
plane only. When measuring wrist position one end block is positioned over the third metacarpal and the 
other end block over the midline of the wrist, with the forearm and wrist in a neutral position 
(Biometrics Ltd., Newport, UK). The electrogoniometer signal was recorded at 100 Hz using a 
Power1401 Data Acquisition system and Spike2 software (Cambridge Electronical Design, Cambridge, 
UK). 
 
 
Figure 6-5 Electro-goniometer placement on the posterior aspect of the hand 
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6.3.5. Data management and statistical analyses  
For studies within this thesis specific details of data analysis procedures are outlined in the 
respective chapters. Extracted variables were entered into Excel spreadsheets (Microsoft Office Excel 
2010) for data management and analysis. All statistical analyses were performed using and Statistica 12 
Software (StatSoft Inc, Oklahoma, USA) and SPSS for Windows V.21.0 software (SPSS, Chicago, 
Illinois, USA). The specific statistical methods used for each study are described in the respective 
chapters 
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Chapter 7 is adapted from the following publication (Appendix 2 URL Link to Published Paper) 
 
Heales LJ, Hodges PW, Vicenzino B 
“An investigation of the asymptomatic limb in individuals with unilateral lateral epicondylalgia” 
Medicine and Science in Sport and Exercise (Article in Press; Accepted 7th April, 2015) 
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 An investigation of the asymptomatic limb in individuals with 
unilateral lateral epicondylalgia 
 
The systematic review with meta-analysis described in Chapter 4 identified the phenomenon of 
differences in several aspects of sensorimotor function in the asymptomatic limb of individuals with 
unilateral LE. There is evidence of an altered tendon (i.e. greater pathology) bilaterally in animals 
undergoing repetitive unilateral exercise and in humans with unilateral Achilles tendinopathy. This 
study aimed to determine whether evidence of tendinosis, identified with MSUS, was more prevalent in 
the symptomatic and asymptomatic limb of individuals with unilateral LE than the tendons pain-free 
controls. 
 
7.1. Introduction 
Lateral epicondylalgia (LE) affects the common extensor tendon of the elbow (Nirschl & 
Ashman, 2003) and is associated with local tendon abnormalities identified with musculoskeletal 
ultrasound (MSUS) imaging (Levin et al., 2005). The purported relationship between pain and imaging 
findings is complicated by the observation that tendinopathy-like changes are present on the 
contralateral asymptomatic side in individuals with some unilateral tendinopathies (Grigg et al., 2012). 
For example, an animal model of repetitive unilateral exercise demonstrated Achilles tendon pathology 
in the form of increased tenocyte count and neovascularity in both the exercised (injured) and the non-
exercised limbs (Andersson et al., 2011). This was consistent with human data, in which the 
asymptomatic limb of a group with unilateral Achilles tendinopathy (AT) demonstrated greater tendon 
thickness and less echogenicity on MSUS imaging than disease free controls (Grigg et al., 2012). On the 
basis of sensory and motor deficits on the asymptomatic side that have been revealed in a recent 
systematic review (Study 2, see Chapter 4), we predicted there would be musculoskeletal ultrasound 
changes in the asymptomatic elbow of individuals with unilateral LE. The aim of this study was to use 
musculoskeletal ultrasound imaging to assess the common extensor tendon for signs of tendon 
pathology, including greyscale features and neovascularisation, in the symptomatic and contralateral 
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asymptomatic limb of participants with clinically diagnosed unilateral LE, and to compare the incidence 
of tendon changes between individuals with LE and age, sex, and arm-dominance matched controls with 
no history of LE. 
 
7.2. Methods 
7.2.1. Participants 
Twenty-nine participants with unilateral LE and thirty-two pain-free controls, matched for age, 
sex and arm dominance, were recruited as part of a previously published paper investigating the 
diagnostic accuracy of musculoskeletal ultrasound in individuals with unilateral LE (Heales, 
Broadhurst, Mellor, Hodges, & Vicenzino, 2014a). Eligibility criteria are detailed in section 6.2.1 
7.2.2. Characterisation of the lateral epicondylalgia group 
Clinical measures including the PRTEE form, pain-free grip force, and NRS for pain intensity 
were recorded order to describe the LE group (see Section 6.2.3 and 6.2.4). Table 7-1 present the 
participant characteristics and demographics. 
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Table 7-1 Participant characteristics and demographics (mean (SD) or n (%) or n (range)) 
 
Lateral Epicondylalgia 
(n = 29) 
Control 
(n = 32) 
Sex: Female 15 (51%) 18 (56%) 
Age in years (range) 50 (31 to 66) 51 (34 to 68) 
BMI 26.9 (5.2) 25.3 (3.9) 
Right arm dominant 29 (100%) 32 (100%) 
Dominant arm symptomatic 29 (100%) n/a 
Duration of symptoms in weeks 
(range) 
21.8 (8 to 52) n/a 
PRTEE (score/100) 38.2 (14.0) n/a 
NRS (Score/10) 7.1 (2.2) n/a 
 
LE            
Dominant 
LE                   
Non-dominant 
Control 
Dominant  
Control          
Non-dominant  
Side Right Left Right Left 
Symptomatic Yes No No No 
Pain Free Grip force in Newtons 104.2 (60.0)*# 278.9 (89.1) 299.8 (85.6) 280.9 (82.6) 
* P<0.001 - difference between LE dominant and Control dominant; # P<0.001 - difference between 
the LE dominant and LE non-dominant. LE – lateral epicondylalgia group, PRTEE – patient rated 
tennis elbow evaluation, NRS – numerical rating scale, n/a – not applicable  
 
7.2.3. Musculoskeletal ultrasound imaging procedure and interpretation 
For details of the MSUS examination see Section 6.3.1.  
7.2.4. Statistical analysis 
Statistical analysis used Statistica Software (StatSoft Inc, Oklahoma, USA). A two way repeated 
measures ANOVA was used to compare measures between groups (LE vs. pain-free control) and sides 
(dominant vs. non-dominant). Post-hoc analysis was performed with Duncan’s multiple range test. 
Student’s t-tests were used to assess for differences of participant characteristics between groups. 
Significance was set at 0.05. Group data are described as mean and standard deviation (SD), as well as 
mean differences and their 95% confidence intervals (CI), where appropriate. A two-way mixed 
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intraclass correlation coefficient (ICC) with absolute agreement was used to determine the inter-tester 
reliability for the measures of tendon thickness and the volume of the hypoechoic region. Kappa 
statistics were used to assess the inter-tester reliability for grayscale and neovascular changes. On the 
basis of established criteria, the inter-tester reliability was interpreted as slight (0.0–0.2), fair (> 0.2–
0.4), moderate (> 0.4–0.6), substantial (> 0.6–0.8), or almost perfect (> 0.8–1.0)(Landis & Koch, 1977).  
 
7.3. Results  
7.3.1. Inter-tester reliability 
Inter-tester reliability revealed moderate to almost perfect agreement between the two 
musculoskeletal sonographers for grayscale changes; tendon thickening (ϰ = 0.68), hypoechoic region 
(ϰ = 0.80), fibrillar disruption (ϰ = 0.58), calcification (ϰ = 0.44). Neovascularity was almost perfect (ϰ 
= 0.86) and both tendon thickness (ICC = 0.95 [95% CI 0.87 to 0.98]) and hypoechoic volume (ICC = 
0.82 [95% CI 0.56 to 0.93]), were almost perfect. 
7.3.2. Musculoskeletal ultrasound examination 
The score for tendon thickening, hypoechoic change, fibrillar disruption, calcification and 
neovascularity, did not differ between the contralateral asymptomatic elbow of the LE group and the 
matched arm (non-dominant) of the pain-free controls (Table 7-2). The symptomatic elbow (dominant) 
of the LE group revealed a higher score for tendon thickening, hypoechoic change, fibrillar disruption, 
and neovascularisation but not for calcification, when compared to the matched elbow (dominant) of the 
pain-free controls and the contralateral asymptomatic elbow of the LE group (Table 7-2).  
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Table 7-2 The mean (SD) and mean difference and 95% confidence interval between groups for scores 
of tendon thickening, hypoechoic changes, fibrillar disruption, calcification, and neovascularisation 
 Side 
LE  
(n = 29) 
Control  
(n = 32) 
Mean difference 
(95% CI) 
  Mean (SD) (Range) 
n 
(score 
>1) 
Mean (SD) (Range) 
n  
(score 
>1)  
 
Tendon 
thickening 
score (0–3) 
D 1.48 (1.12) (0 – 3) 24 0.72 (0.99) (0 – 3) 14 0.76 (0.22 to 1.30)* 
ND 0.31 (0.66) (0 – 3) 7 0.44 (0.66) (0 – 2) 12 –0.13 (–0.47 to 0.21) 
D vs. ND p < 0.001  p = 0.21   
Hypoechoic 
score (0–3)  
D 1.24 (1.15) (0 – 3) 18 0.66 (0.90) (0 – 3) 13 0.58 (0.05 to 1.11)* 
ND 0.31 (0.66) (0 – 2) 6 0.69 (0.82) (0 – 2) 14 –0.38 (–0.76 to 0.00) 
D vs. ND p < 0.001  p = 0.86   
Fibrillar 
Disruption 
score (0–3) 
D 1.03 (1.24) (0 – 3) 14 0.06 (0.25) (0 – 1) 2 0.97 (0.52 to 1.42)* 
ND 0.00 (0.00) (0 – 2) 0 0.06 (0.35) (0 – 2) 1 –0.06 (–0.19 to 0.07) 
D vs. ND p < 0.001  p = 1.00   
Calcification 
score (0–3) 
D 0.28 (0.65) (0 – 2) 5 0.31 (0.78) (0 – 3) 6 –0.03 (–0.40 to 0.34) 
ND 0.17 (0.47) (0 – 2) 4 0.19 (0.47) (0 – 2) 5 –0.02 (–0.26 to 0.22) 
D vs. ND p = 0.41  p = 0.31   
Neovascu-
larisation score 
(0–4)  
D 1.97 (1.50) (0 – 4) 20 0.44 (0.98) (0 – 4) 7 1.53 (0.89 to 2.17)* 
ND 0.38 (0.68) (0 – 2)  0.44 (0.80) (0 – 2) 9 –0.06 (–0.44 to 0.32) 
D vs. ND p < 0.001  p = 1.00   
* - p <0.05 for between group comparison; D – dominant (= symptomatic side in LE group), ND – 
non-dominant, LE – lateral epicondylalgia, n – number of participants with changes >1 
 
The measures of tendon thickness and hypoechoic volume did not differ between the 
contralateral asymptomatic elbow (non-dominant) of the LE group and the matched elbow (non-
dominant) of the pain-free controls (Table 7-3). In addition, the symptomatic elbow (dominant) of the 
LE group was not thicker than the matched elbow (dominant) of the pain-free controls, however the 
symptomatic (dominant) elbow of the LE group was thicker than the contralateral asymptomatic (non-
dominant) elbow of the LE group (Table 7-3). The symptomatic elbow (dominant) of the LE group 
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revealed a greater hypoechoic volume than the matched elbow (dominant) of the pain-free controls and 
the contralateral asymptomatic elbow (non-dominant) of the LE group (Table 7-3). 
 
 
Table 7-3 The mean (SD) and mean difference and 95% confidence interval between groups for tendon 
thickness (mm) and hypoechoic regions (mm3) 
 Side 
LE group 
(n = 29) 
Control group 
(n = 32) 
Mean group difference (95% 
CI) 
  Mean (SD) 
n 
(>0 mm3) 
Mean (SD) 
n 
(>0 mm3) 
 
Tendon 
thickness 
(mm) 
D 5.97 (1.50) n/a 5.59 (1.10) n/a 0.38 (–0.29 to 1.05) 
ND 4.94 (1.03) n/a 5.20 (0.86) n/a –0.26 (–0.74 to 0.22) 
D vs. 
ND 
p < 0.001 
 
p = 0.08 
 
 
Hypoechoic 
region (mm3)  
D 42.7 (64.7) 17 9.7 (24.4) 13 33.0 (8.4 to 57.6)* 
ND 4.4 (9.8) 6 7.4 (12.7) 14 –3.0 (–8.9 to 2.9) 
D vs. 
ND 
p < 0.001 
 
p = 0.78 
 
 
* - p <0.001 for between group comparison; D – dominant (= symptomatic side in LE group), ND – 
non-dominant, LE – lateral epicondylalgia, n – number of participants with changes >0 mm3 
 
7.4. Discussion 
Using musculoskeletal ultrasound imaging this study identified features of tendinosis in the 
symptomatic elbow of individuals with clinically diagnosed unilateral LE. Although many participants 
with LE revealed tendon changes on the contralateral asymptomatic side, the incidence of tendon 
abnormality was not greater than that of pain-free controls with no history of elbow pain, which is 
contrary to observations from other tendinopathies (Grigg et al., 2012).This finding does not support the 
hypothesis of significant tendon changes in the asymptomatic common extensor tendon, which was 
predicted on the basis of evidence of bilateral tendon changes in rabbits that performed exercise of a 
single limb (Andersson et al., 2011), bilateral tendon changes in humans with unilateral Achilles 
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tendinopathy (Grigg et al., 2012), and the bilateral nature of numerous other sensory and motor system 
changes in LE (Study 2, see Chapter 4). 
7.4.1. Some features of tendinopathy were not greater in the symptomatic elbow in lateral 
epicondylalgia 
Calcification is often considered a feature of tendinopathy(Jarvinen et al., 1997). We did not 
observe significant between-group differences in the symptomatic elbow for calcification (calcification 
was observed in only 5 out of 29 (17%) symptomatic elbows in individuals with unilateral LE and only 
6 out of 32 (18%) matched elbows of the pain-free controls). The absence of calcification in the 
symptomatic arm concurs with the results of a recent systematic review that reported calcification is not 
consistently found in the common extensor tendon of individuals with LE (Dones, Grimmer, Thoirs, 
Suarez, & Luker, 2014). 
Additionally, our study did not identify differences between the symptomatic (dominant) elbow 
of the LE group and the matched arm of the pain-free controls (dominant) (Table 7-3) and the mean 
difference was within the standard error of the measure (SEM 0.29mm). This differs from previous 
work that has reported greater tendon thickness in the symptomatic elbow of individuals with LE 
compared to a control group (Connell et al., 2001; Levin et al., 2005), but that previous work did not 
blind the sonographers to the participant group (Connell et al., 2001; Levin et al., 2005). 
Musculoskeletal ultrasound imaging has the potential for bias because of the potential subjectivity of the 
scoring (Connell et al., 2001; Levin et al., 2005). This might lead to error in the collection and 
interpretation of images. Sonographers in the present study were blinded to the group allocation (LE vs. 
Controls) and revealed almost perfect inter-tester reliability for tendon thickness. This strengthens our 
observations. 
We identified a significant difference in tendon thickness measure (mm) between the 
symptomatic and asymptomatic elbow of the LE group, which was greater than the standard error of the 
measure. The explanation of this difference in the absence of no difference between the symptomatic 
arm of individuals with LE and the matched arm of the pain-free controls is not clear. It might suggest 
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that individuals with LE do not have bilateral changes and increased thickness might indeed be a feature 
at the symptomatic tendon that is not observed between patients and controls. 
7.4.2. Tendon pathology in healthy controls 
The presence of tendon changes (observable with musculoskeletal ultrasound imaging) in 49% 
(31 of 64 elbows showed a total greyscale and neovascularisation score of ≥2) of the pain-free control 
participants, despite the absence of symptoms, requires consideration. These changes may represent 
subclinical pathological change, a reflection of normal variation in tendon quality (and not reflective of 
frank pathology), or error in the measurement based on the clinical judgement required by the 
sonographer. There is precedence to expect that subclinical pathological change might be a precursor to 
symptomatic tendinopathy (Cook, Khan, Kiss, Coleman, & Griffiths, 2001; Fredberg & Bolvig, 2002). 
Longitudinal studies have revealed that elite athletes with an abnormal Achilles or patellar tendon, as 
measured by musculoskeletal ultrasound imaging, had a greater chance of going on to develop 
symptomatic tendinopathy than those without tendon changes (with tendon changes: 45% and 22% vs. 
without tendon changes: 1% and 7% for Achilles and patellar tendons, respectively) (Cook et al., 2001; 
Fredberg & Bolvig, 2002). Tendon pathology of the common extensor origin in 12 to 13% of 
asymptomatic individuals has been validated with musculoskeletal ultrasound imaging, and this is 
greater in the dominant arm and with increasing age (Jaén-Díaz et al., 2010; Ustuner, Toprak, Baskan, & 
Oztuna, 2013). Jaén-Díaz and colleagues (Jaén-Díaz et al., 2010) revealed that 85% of individuals with 
asymptomatic tendon pathology were older than 40 years of age. In the current study 29 (91%) of the 32 
pain-free controls were 40 or more years of age, which might explain the high proportion of tendon 
abnormality. 
The accuracy of methods to identify tendon changes might contribute to the differences between 
studies. Human biopsies have been used to study pathology in the patellar tendon of asymptomatic 
individuals undergoing surgical repair of anterior cruciate ligament injury (Cook, Feller, Bonar, & 
Khan, 2004). Although this technique is likely to be the most accurate method to confirm/refute the 
presence of pathology, no studies have harvested biopsies of the asymptomatic limb, thus no 
comparison to an asymptomatic side is available. Most studies have used MSUS to identify tendon 
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pathology, however as sonographic imaging depends on sonographer interpretation (Connell et al., 
2001; Dones, Grimmer-Somers, Thoirs, & Gonzalez-Suarez, 2011; Levin et al., 2005), care must be 
taken to control for bias. We took several steps to limit bias and control for the variability in the 
collection and interpretation of the images and all measures had moderate to almost perfect inter-tester 
reliability. Critically, the sonographer was blinded to the injury status of the participant and used a 
standardised protocol for image interpretation (Royer, 1986). Previous investigation of Achilles 
tendinopathy in humans that found deficits in the asymptomatic and symptomatic limb compared to a 
control did not blind the sonographer (Grigg et al.). This highlights the possibility that a lack of blinding 
might have influenced the interpretation of the MSUS images. Additionally, factors such as genetics 
(Mokone et al., 2005), exercise (Ying et al., 2003), diabetes (Gaida & Cook, 2008), and adiposity 
(Gaida & Cook, 2008; Shiri et al., 2006), have been suggested to lead to dysmorphic tendon structure. 
As neither study controlled for these factors it is not possible to speculate about whether they explain 
different outcomes. 
There are several possible explanations for the contrasting observations that bilateral tendon 
changes are not see in LE but are seen in other tendinopathies. First, LE may have a different 
mechanism to other tendinopathies (e.g. Achilles tendon (Grigg et al.)). Sonographically detected 
tendon abnormality depends on load (Kallinen & Suominen, 1994; Ying et al., 2003). By nature of 
human function, each of the lower limbs are more likely to be exposed to similar loads/stress (e.g. gait) 
than the upper limbs, which may each be exposed to asymmetrical load/stress (e.g. dominant arm used 
for holding a tennis racket). Second, tendon abnormalities in the asymptomatic limb might be related to 
duration of symptoms. The duration of symptoms for participants in the present investigation was 
approximately half that of previous work in AT (Grigg et al.). Third, only male participants were 
recruited in the study of AT (Grigg et al.). Although our study found no sex differences, there may have 
been subtle individual changes in females, secondary to mechanisms such as protective effects of 
estrogen on tendons (Cook, Bass, & Black, 2007). Further investigations are required to better 
understand differences between tendons in LE and others.  
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7.4.3. Conclusion 
This study did not demonstrate a greater prevalence of sonographic abnormalities in the 
asymptomatic elbow of individuals with unilateral LE than the elbows of asymptomatic controls. This 
does not support predictions formed from previous research demonstrating tendon pathology in the 
asymptomatic tendon of individuals with Achilles tendinopathy compared to controls, and in biopsies of 
the non-exercised tendon in an animal model. Further research in LE and other tendinopathies, 
controlling for issues such as assessor blinding and associated risk factors, is required to better 
understand the development of asymptomatic tendon pathology in unilateral tendinopathy.  
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 Forearm muscle activity is modified bilaterally in unilateral lateral 
epicondylalgia 
 
The systematic review of the literature presented in Chapter 3 identified that evidence for the 
recording of activity of forearm muscles in LE is both limited in number and in quality. Muscle activity 
during gripping remains poorly understood despite grip reflecting one of the main clinical complaints in 
individuals with LE. Problems with existing literature include inappropriate recording methods and 
failure to study tasks in an optimal manner (e.g. pain provocative contractions). This study investigated 
whether forearm muscle activity (recorded with selective fine-wire electrodes) differs between 
individuals with unilateral LE and pain-free controls, during low force (pain-free) gripping tasks. 
 
8.1. Introduction 
Lateral epicondylalgia is a condition with morphological and histological changes in the muscle 
and tendon of the forearm extensors (Ljung et al., 1999; Nirschl & Ashman, 2003), in particular the 
ECRB) (Nirschl & Ashman, 2003). This condition is associated with pain and decreased strength during 
gripping (Alizadehkhaiyat et al., 2007; Bisset et al., 2006b) and has been linked to bilateral changes in 
the motor system, including bilateral strength deficits (Alizadehkhaiyat et al., 2007), altered 
biomechanics (Bisset et al., 2006b), and abnormal amplitude and timing of wrist extensor muscle 
activity during backhand tennis strokes (Kelley et al., 1994). Gripping requires control of wrist position 
by co-activation of the wrist extensor muscles (ECRB, ECRL, ECU, and EDC) to counteract the wrist 
flexion moment generated by the finger flexor muscles. This co-activation also maintains the optimal 
length-tension relationship of the finger flexors (Snijders et al., 1987). Gripping is often used in a 
clinical setting as a provocation tests, as it is a functional task that is generally painful in individuals 
with LE (Lim, 2013a). Whether the coordination between co-contraction of opposing forearm muscle 
groups is modified during gripping in LE has received limited attention. 
Several features imply changes in coordination of forearm muscles may be likely in LE. First, 
although there is bilateral weakness of wrist flexion and extension (Alizadehkhaiyat et al., 2007) and 
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metacarpophalangeal (MCP) joint flexion (Alizadehkhaiyat et al., 2007), strength of MCP joint 
extension, which is performed by the EDC muscle (Alizadehkhaiyat et al., 2007), is maintained. Second, 
during gripping, LE is characterised by a less extended wrist position, bilaterally (i.e. placing the wrist 
closer to a neutral position), than in pain-free individuals (Bisset et al., 2006b). This might alter the 
coordination of forearm muscles for several reasons, including changes in length tension relationships. 
Third, activation of ECR (combined ECRB and ECRL), as measured by surface EMG, is less in 
individuals with LE than pain-free individuals (Alizadehkhaiyat et al., 2007) (Study 1, see Chapter 3 for 
further information).  
Taken together these observations imply that individuals with LE might have modified 
coordination between flexor and extensor muscles of the wrist and fingers during gripping. The primary 
aim of this study was to test the hypothesis that EDC contributes a greater relative contribution to 
gripping than ECRB in the symptomatic arm of individuals with unilateral LE. A secondary aim was to 
investigate whether muscle coordination in the LE group that differed from controls are present 
bilaterally.  
 
8.2. Methods 
8.2.1. Participants 
Eighteen participants with symptoms of unilateral LE and 17 pain-free controls matched for age 
and arm dominance were recruited for this study via media advertising. Participant characteristics are 
detailed in Table 8-1. For participant inclusion criteria refer to section 6.2.1.  
Clinical measures including the PRTEE form, pain-free grip force, and NRS for pain intensity 
were recorded order to describe the LE group (see Section 6.2.3 and 6.2.4) As expected, the 
symptomatic arm of the LE group had significantly less pain-free grip force than the matched arm of the 
controls (p<0.001; Table 8-1). 
Due to the large number of fine-wire electrodes, participants were given the option to withdraw 
from the study on the basis of their response to the insertion of the initial electrodes. Four participants 
were excluded on this basis (2 LE group and 2 controls). Data for one additional participant (LE group) 
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was not available because of equipment failure. If participants experienced pain during the gripping 
task, the trial was disregarded and repeated without pain. If pain persisted the electrode causing the pain 
was removed and the experiment continued. The study was approved by the Institutional Medical 
Research Ethics Committee and written informed consent was obtained from all participants. 
 
 
Table 8-1 Participant characteristics and demographics (mean (SD or range) or n (%)) 
 
Lateral Epicondylalgia 
(n = 15) 
Control 
(n = 15) 
Sex: Female 10 (66%) 9 (60%) 
Age in years (range) 49 (31 to 62) 51 (37 to 64) 
Right arm dominant  14 (93%) 14 (93%) 
Dominant arm symptomatic (%) 12 (80%) n/a 
Symptom duration in weeks (range) 15.6 (8 to 30) n/a 
PRTEE (score/100) 38.2 (13.4) n/a 
Worst pain (NRS score 0-10) 6.9 (1.8) n/a 
 
LE     
Symptomatic 
LE 
Asymptomatic 
Control 
Symptomatic 
Control 
Asymptomatic 
Pain-free grip force in Newtons 93.8 (63.2)* 260.7 (99.7) 308.2 (78.2) 288.5 (73.6) 
* p < 0.05 for comparison between LE and Control, LE – lateral epicondylalgia, PRTEE – patient rated 
tennis elbow evaluation, NRS – numerical rating scale, n/a – not applicable 
 
8.2.2. Electromyography 
Bipolar fine-wire electrodes were fabricated and inserted as described in section 6.3.2 
8.2.3. Dynamometer and electrogoniometer  
Grip force was recorded using an electronic grip dynamometer (see Section 6.3.3 for details) and 
an electrogoniometer (see Section 6.3.4 for details) measured wrist position on both sides.  
8.2.4. Procedure  
Participants sat with 90° knee and hip flexion with their back supported. First participants 
performed a maximum voluntary grip (with strong verbal encouragement, held for 3 to 5 seconds) of the 
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asymptomatic arm in four positions; shoulder neutral with elbow flexed to 90° and the forearm (i) 
pronated and (ii) neutral, and shoulder flexed to 90° with elbow extended and the forearm (iii) pronated 
and (iv) neutral. This was used to calculate 20% maximum grip force on the asymptomatic side and 
estimate 20% of the maximum grip force of the symptomatic side in individuals with LE. An a priori 
decision was made to estimate the maximum grip force from the asymptomatic arm of the LE group to 
ensure we did not provoke symptoms and cause pain in the symptomatic arm. Pain-free controls were 
required to complete a maximum grip effort with strong verbal encouragement, held for 3 to 5 seconds, 
in each of the four positions on both the dominant and non-dominant arm. Second, participants gripped 
in all four positions, in a random order, at 20% maximum grip strength. To ensure accuracy of the task 
participants were provided visual feedback of the force. Grip of 20% MVC was selected as it was pain-
free. To standardise the gripping task it was divided into 4 phases, each lasting 3 seconds. Participants 
rested in the test position (baseline phase) (3 seconds), gradually ramped up grip force to the target (up 
phase) (3 seconds), sustained the grip at 20% MVC (hold phase) (3 seconds), and then gradually ramped 
down to rest (down phase) (3 seconds). No participant reported pain or fatigue during the task.  
Data analysis  
EMG data were rectified and band-pass filtered between 20 and 1000 Hz. RMS EMG amplitude 
was calculated for each muscle during the hold phase of the gripping task (between the 6th and the 9th 
second), in the 4 arm positions. The net muscle activity was quantified by calculation of the sum of the 
RMS amplitude for the 6 muscles. RMS EMG for each of the muscles was then expressed as a 
proportion of the net EMG (sum of the contribution of all muscles to the task in that position(Rojas et 
al., 2007)). Although this method does not account for the relative mass and moment arms of the 
individual muscles it was considered to provide an estimate of the relative contribution of activity of 
each muscle to the task (Rojas et al., 2007). Grip force and wrist position were analysed during the hold 
phase of the gripping task (between the 6th and 9th second). 
8.2.5. Statistical analysis 
Statistical analysis was conducted using Statistica Software (StatSoft Inc, Oklahoma, USA). 
Repeated measure analyses of variance (ANOVA) with between factors of group (LE vs. Controls) and 
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within factors of side (symptomatic vs. asymptomatic), elbow position (flexion vs. extension), and 
forearm position (neutral vs. pronation) were used to compared the contribution of muscle activity to 
total EMG. Separate analyses were undertaken for each muscle. As the study was underpowered to 
compare wrist angle in all task positions an additional post hoc analysis was completed with the forearm 
pronated and the elbow flexed and extended in the symptomatic arm only. This was selected as forearm 
pronation is commonly used to assess the forearm extensor muscles in LE (Lim, 2013a). Post hoc 
analysis was completed using Duncan’s multiple range test. Participant characteristics were compared 
between LE and control groups using Student’s t-tests. The significance level was set at 0.05. 
 
8.3. Results  
8.3.1. Grip force and wrist position 
The force during the gripping task (20% MVC) did not differ between sides (Main effect: side – 
p = 0.37) or between groups (Main effect: group – p = 0.81; Table 8-2). There were no significant 
interactions between side and group (p = 0.15) or limb position (elbow or forearm) and group (all p > 
0.05). Grip force was higher with the elbow extended than flexed (Main effect: elbow position – p < 
0.001) and higher with the forearm in neutral than a pronated position (Main effect: forearm position – p 
< 0.001).  
Changes in wrist angle were not the primary objective of the study, and as mentioned earlier the 
study was underpowered to undertake a complete analysis of this parameter. Although this analysis 
revealed a significant interaction between side, forearm and group (p = 0.04), post hoc analysis showed 
no difference between groups (Table 8-2). Both groups gripped with greater wrist extension when the 
forearm was in neutral than pronated position, regardless of elbow position (Interaction: elbow x 
forearm – p = 0.02). On account of the sample size, when analysis of wrist position was repeated with 
the inclusion of only two positions (elbow extended 0° and elbow flexed 90°, both with the forearm 
pronated) in the symptomatic arm only, the LE participants demonstrated significantly less wrist 
extension than the pain-free controls (Main effect: group – p = 0.043).  
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Table 8-2 Mean (SD) grip force (20% MVC) and wrist angle for the symptomatic and asymptomatic 
arm and the mean difference [95% confidence interval] between groups and between arms 
 Side  LE group Control group LE vs. Control 
20% 
MVC 
Force (N) 
S 59.3 (23.7) 58.3 (13.7) –1.0 [–13.5 to 15.5] 
A 59.6 (23.3) 57.2 (13.8) 2.4 [–11.9 to 16.7] 
S vs. A –0.3 [–17.9 to 17.3] 1.1 [–9.2 to 11.4]  
Wrist 
extension 
(°) 
S 19.1 (12.3) 24.2 (12.6) –5.1 [–14.4 to 4.2] 
A 20.2 (10.3) 24.5 (12.5) –4.3 [–12.9 to 4.3] 
S vs. A –1.1 [–9.6 to 7.4] –0.3 [–9.7 to 9.1]  
LE – lateral epicondylalgia, S – symptomatic (same arm for the matched control), A – asymptomatic 
(same arm for the matched control), MVC – maximum voluntary contraction.  
 
8.3.2. Electromyography 
8.3.2.1. Extensor carpi radialis brevis  
The relative contribution of ECRB to total EMG for the symptomatic arm was less than that for 
the matched arm of the control participants (Interaction: side x group interaction – p=0.02, post hoc 
p=0.02; Figure 8-1). The contribution of ECRB to total EMG activity was not affected by elbow or 
forearm position. 
Extensor carpi radialis longus  
The only difference in the contribution of ECRL to total EMG between groups was that its 
activation was lower with the elbow flexed and forearm pronated than with the elbow flexed and 
forearm neutral or elbow extended and forearm neutral or pronated in the control group (Interaction: 
elbow x forearm x group – p=0.02). Although there was no difference between groups (Main effect: 
group – p=0.09) the relative contribution of ECRL to total EMG activity was less for the symptomatic 
side and the matched arm of the controls than the contralateral arm (Main effect: side – p=0.049). 
Further ECRL EMG provided greater contribution to total EMG with the elbow extended and the 
forearm pronated than with the elbow flexed and the forearm pronated (Interaction: elbow x forearm – 
p=0.02; post hoc p=0.03). 
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8.3.2.2. Extensor digitorum communis  
EDC EMG during gripping expressed as a proportion of total EMG was greater in the LE group 
than controls (Main effect: group – p=0.03, Table 8-3, Figure 8-1). This did not differ between 
symptomatic and asymptomatic side (Main effect: side p=0.56; Interaction: side x group p=0.07). EDC 
EMG provided a greater contribution to total EMG with the forearm pronated than neutral (Main effect: 
forearm position p<0.001). 
8.3.2.3. Flexor carpi radialis  
The contribution of FCR EMG to the total EMG revealed a significant interaction between side, 
forearm position and group (p=0.03). Post hoc analysis revealed no between-group differences. When 
both groups were combined there was a significant elbow by forearm interaction (p<0.001), with post 
hoc analysis revealing FCR has a greater contribution to total EMG with the forearm pronated than 
neutral with the elbow flexed (p<0.001). No differences were observed with the elbow extended 
(p=0.06). 
8.3.2.4. Flexor digitorum superficialis  
The relative contribution of FDS EMG to total EMG did not differ between sides (Main effect: 
side – p=0.75) or between groups (Main effect: group – p=0.68). For both groups combined there was a 
significant elbow by forearm interaction (p=0.037), with post hoc analysis showing that the contribution 
of FDS to total EMG was lower with the forearm in pronation than neutral when the elbow was flexed 
(p=0.013). No differences were observed when the elbow was extended (p=0.65). 
8.3.2.5. Flexor digitorum profundus 
The relative contribution of FDP EMG to total EMG was greater in the LE group than controls 
(Main effect: group – p=0.03, Table 8-3) for both arms (Main effect: side – p=0.23). There was a greater 
contribution of FDP activity to total EMG with the elbow extended than flexed (Main effect: elbow 
position – p=0.008) and the forearm neutral than pronated (Main effect: forearm position – p=0.02).  
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Figure 8-1 Group mean [95% CI] of the contribution of activity of each muscle to the total EMG (%) 
pooled across all limb positions. ECRB – extensor carpi radialis brevis, ECRL – extensor carpi radialis 
longus, EDC – extensor digitorum communis, FCR – flexor carpi 
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Table 8-3 Mean (SD) muscle contribution (%) for the symptomatic and asymptomatic arm and the mean 
difference [95% confidence interval] between groups and between arms 
Muscle  Side  LE group Control group LE vs. Control 
ECRB S 15.5 (11.0) 29.7 (17.8) –14.2 [–25.3 to –3.1]* 
 A 31.4 (19.3) 27.8 (13.8) 3.6 [–9.0 to 16.2] 
 S vs. A –15.9 [–27.7 to –4.2] 1.9 [–10.0 to 13.8]  
ECRL S 23.6 (15.8) 26.4 (12.7) –2.8 [–13.5 to 7.9] 
 A 14.4 (9.0) 22.6 (12.9) –8.2 [–16.5 to 0.1] 
 S vs. A 9.2 [–0.4 to 18.8] 3.8 [–5.8 to 13.4]  
EDC S 20.6 (11.3) 9.1 (10.1) 11.5 [3.5 to 19.5]* 
 A 17.2 (13.3) 15.6 (11.0) 1.6 [–7.5 to 10.7] 
 S vs. A 3.4 [–5.8 to 12.6] –6.5 [–14.4 to 1.4]  
FCR S 3.3 (7.7) 5.8 (9.0) –2.5 [–8.8 to 3.8] 
 A 4.5 (7.0) 6.6 (8.8) –2.1 [–8.1 to 3.9] 
 S vs. A –1.2 [–6.7 to 4.3] – 0.8 [–7.5 to 5.9]  
FDS S 10.9 (10.1) 13.6 (12.6) –2.7 [–11.2 to 5.8] 
 A 13.2 (13.4) 13.2 (13.1) 0.0 [–9.9 to 9.9] 
 S vs. A – 2.3 [–11.2 to 6.6] 0.4 [–9.2 to 10.0]  
FDP S 26.1 (15.4) 15.3 (9.8) 10.8 [1.2 to 20.5]* 
 A 19.1 (16.0) 14.1 (11.4) 5 [–5.4 to 15.4] 
 S vs. A 7.0 [–4.8 to 18.8] 1.2 [–6.75 to 9.2]  
* p < 0.05 for comparison between LE and Control, LE – lateral epicondylalgia, S – symptomatic, A – 
asymptomatic, ECRB – extensor carpi radialis brevis, ECRL – extensor carpi radialis longus, EDC – 
extensor digitorum communis, FCR – flexor carpi radialis, FDS – flexor digitorum superficialis, FDP – 
flexor digitorum profundus  
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8.4. Discussion 
Taking advantage of precise intramuscular EMG recordings which limit crosstalk, we 
investigated the relative contribution of forearm muscles during a low level gripping task, bilaterally, in 
individuals with unilateral LE and contrasted this to the pattern observed in pain-free individuals. 
Consistent with our hypothesis, there was modified coordination between wrist extensor and finger 
flexor muscles during gripping in individuals with LE. This change in activation was characterised by a 
greater contribution of EDC and FDP and a lower contribution of ECRB relative to the total EMG 
activation of the sampled muscles. Participants with LE adopted a similar strategy of forearm muscle 
activity in both arms during the gripping task. 
8.4.1. Modified coordination of forearm muscles in LE 
Wrist extensor muscle activity during gripping acts to counteract the flexion moment at the wrist 
induced by activation of the finger flexor muscles (Snijders et al., 1987). Although this predicted 
activation of the extensor muscles (ECRB, ECRL, and EDC) was observed during our low level 
gripping task, the distribution of activity amongst these extensor muscles was modified in LE. Key 
differences were a lesser contribution of ECRB and greater contribution of EDC to the total amount of 
muscle activity.  
Our findings support previous observations of reduced ECRB activation. Other work has shown 
a smaller increase in ECR EMG amplitude during sustained grip at 50% MVC until exhaustion in 
participants with LE than painfree controls (5), and less ECR EMG during wrist extension at 20, 50 and 
80% MVC in individuals who have recovered from LE than painfree controls (Rojas et al., 2007). 
Others have also provided evidence of increased activity in other muscles that extend the wrist, although 
the specific muscle has varied between studies. Separate studies report greater ECU EMG in those who 
have recovered from LE than injury-free controls (Rojas et al., 2007), and greater activity (as a 
proportion of MVC) of EDC than ECR during wrist extension (Blanchette & Normand, 2011). Although 
EDC and ECU present viable options to support the wrist during gripping, these muscles will likely 
present limitations. For example, EDC functions primarily as a finger extensor (Saladin, 2011). 
Although the cross sectional area of EDC is similar to that of ECRB (Lieber & Friden, 2000) an 
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increased contribution of EDC also counteracts finger flexion, and would place a greater demand on the 
finger flexor muscles, with potential consequences for maximal grip strength. Previous work has 
highlighted that ECRB is most efficient in wrist extension whereas ECU provides the greatest extension 
moment with the wrist in neutral (Loren et al., 1996). This enhanced mechanical advantage of ECU in a 
neutral wrist position might explain changes in wrist position and a differed motor pattern in LE.  
8.4.2. Possible mechanisms of modified coordination of forearm muscles 
The changes in forearm muscle activity revealed in this cross-sectional study can be considered 
from two perspectives; a cause of LE, or a consequence of LE with both potential positive and negative 
effects. Figure 8-2 outlines a broad range of mechanisms that may be involved from each of these 
perspectives. With respect to ECRB changes as a cause of LE, although no longitudinal studies have 
investigated potential factors contributing to the development of LE, mechanisms related to modified 
loading of the common extensor tendon have been proposed. For instance changes relevant for 
tendinopathy (e.g. loss of collagen orientation, altered tenocyte morphology and tendon thickening) 
have be identified in tendons that are deprived of uniform longitudinal load, in a process referred to as 
stress shielding (Arnoczky et al., 2007). As the common extensor tendon is a shared attachment for 
several forearm extensor muscles (e.g. ECRB, EDC, ECU), decreased activation of ECRB might lead to 
imbalances in loading of the common extensor tendon, leading to pathological changes in the ECRB 
portion of the tendon (Arnoczky et al., 2007). Some have argued, that the tendon of EDC and not ECRB 
is the source of symptoms associated with LE (Fairbank & Corlett, 2002). In that case, greater relative 
activity of EDC as observed in our study might lead to LE as a result of the opposite interpretation of 
LE a consequence of overuse (Pitzer, Seidenberg, & Bader, 2014) rather than underuse (stress 
shielding).  
In terms of muscle control changes as a consequence of LE, modified muscle activity might be 
mediated by a host of potential mechanisms at peripheral, spinal, or supraspinal levels that could lead to 
reduced contribution of ECRB (Figure 8-2). The consequence of these changes for LE might be positive 
or negative, or a combination. From a supraspinal perspective, reduced capacity of the muscle/tendon as 
a result of ECRB muscle fibre necrosis (Ljung et al., 1999) and tendon degeneration (i.e. fraying of 
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collagen fibres (Nirschl, 1992)), which weakens the tendon (Maffulli, Wong, & Almekinders, 2003) 
might lead to sparing of the muscle and reduced activation. From a spinal perspective, reduced 
activation might result from reflex inhibition. Such inhibition is argued to be mediated by afferent input 
from injured structures, and impedes the activation of muscle by reduced excitability of the 
motoneurons (Morrissey, 1989). Although this has not been directly tested in LE, reduced activation of 
knee extensor muscle is common after knee injury (Morrissey, 1989). Although no differences in the H-
reflex (the electrical equivalent of a stretch reflex which is influenced by motoneuron excitability) have 
been identified between symptomatic and asymptomatic legs of individuals with Achilles tendinopathy 
(Wang et al., 2011), this could simply reflect the potential for a bilateral effect on motorneuron 
excitability or the imperfect nature of H-reflexes to detect motorneuron excitability. From a supraspinal 
perspective, the contribution of ECRB may be reduced to limit the potential for further pain and/or 
injury via a range of mechanisms that involve motor planning and sensorimotor integration mechanisms 
(Figure 8-2). Sensory stimulation can alter motor cortex excitability in a process referred to as short-
latency afferent inhibition (Sailer et al., 2003). In pain-free individuals afferent input from the arm can 
reduce the motor response to transcranial magnetic stimulation (TMS) via this mechanism (Tokimura et 
al., 2000). Although not directly tested in LE, repetitive stimulation of the somatosensory cortex (1 Hz) 
with TMS induces greater inhibition of the motor cortex in individuals with writer’s cramp than pain-
free controls, which suggests modified sensorimotor integration (Bäumer et al., 2007). Further, recent 
mapping of the cortical representation of the ECRB muscle with TMS in LE has revealed a substantially 
simplified representation with less areas of peak excitability and closer localisation of the ECRB map to 
that of EDC when compared to pain-free controls and this may relate to more simplified control 
(Schabrun et al., 2014).  
Regardless of the mechanism underpinning the change in coordination between muscles, the 
shift in activity from ECRB to EDC has both potential positive and negative consequences. From a 
positive perspective, shifting control of the wrist to EDC might reduce load on ECRB to reduce pain 
provocation and/or further injury. Conversely, this shift in activity would require increased activity of 
the finger flexor muscles to overcome finger extensor torque, which would likely reduce maximal grip 
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strength. This concurs with our finding of a greater contribution of FDP to total EMG in the LE group 
than controls. Further, this altered pattern of muscle activity may lead to stress shielding (discussed 
above). Alternately, the change in motor activity may alter biomechanics secondary to modification of 
the mechanical efficiency of the forearm extensor muscles.  
 
 
Figure 8-2 Potential mechanisms and consequences for altered motor control in lateral epicondylalgia. 
ECRB – extensor carpi radialis brevis, SAI – short-latency afferent inhibition, MN – motoneuron, GTO 
– golgi tendon organs, LE – lateral epicondylalgia, EDC – extensor digitorum communis, FDP – flexor 
digitorum profundus,  
 
8.4.3. Change in wrist position 
One potential consequence of modified forearm muscle activity is a change in wrist angle. 
Previous work reported a less extended wrist position in 40 LE participants than 40 matched pain-
free controls when grip was performed with the forearm pronated. Although not supported by our 
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omnibus ANOVA that included all positions as a factor, a difference was identified when only the 
pronated wrist positions were considered. This implies that our study was underpowered to detect 
this difference with the number of factors we included in the ANOVA. Interestingly, in pain-free 
individuals, EDC activity (expressed as proportion of maximum) is greater when gripping with the 
wrist in a neutral position than an extended position (Mogk & Keir, 2003b). It is tempting to 
speculate that individuals with LE might adopt a less extended wrist position to increase the 
activation of EDC. Alternatively, a more flexed wrist position may allow participants to engage 
passive tension from lengthening of the extensor muscles/tendons to aid control of the wrist flexion 
moment cause by finger flexor muscles during gripping (Greene & Roberts, 2005), although this 
would likely be counterproductive to grip force production. Overall, a possible benefit of this 
modified wrist position is that it might enable a greater contribution of the EDC muscle and a lesser 
contribution of ECRB. It is also possible that weakness of the wrist extensor muscles in LE 
(Alizadehkhaiyat et al., 2007), and a lower contribution of ECRB, limits the ability of the wrist to 
remain in extension; EDC might lack capacity to control the wrist in an extended position. These 
alternatives warrant further investigation. 
8.4.4. Bilateral changes on control of forearm muscles 
Our second objective was to investigate the potential for bilateral motor control changes in 
unilateral LE. Consistent with previous studies (Bisset et al., 2006b; Skinner & Curwin, 2007), we 
identified changes in the asymptomatic arm. This was primarily observed as a greater contribution of 
EDC and FDP to total EMG in individuals with LE than pain-free controls. Although it is impossible to 
determine whether these changes are a precursor to, or a result of, LE the underlying mechanism have 
both neural (e.g. spinal and/or suprapinal) and non-neural (e.g. muscle necrosis (Ljung et al., 1999)) 
underlying mechanisms. Tendon pathology and/or changes in wrist position (i.e. less extended), have 
been identified bilaterally and may drive bilateral changes in motor control. Although bilateral tendon 
changes have been proposed, ultrasonographic data from the participants in the present study revealed 
no differences between the asymptomatic limb and the matched arm of the controls. From the 
perspective of wrist position, previous work has shown that individuals with LE adopt less wrist 
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extension in the asymptomatic arm than pain-free controls during gripping (Bisset et al., 2006b), and 
this may be relevant for LE as described above. From the perspective of primary changes in neural 
control, although the absence of tendon changes on the asymptomatic side suggest reflex inhibition is 
unlikely, suprsapinal mechanisms may be involved. Interhemispheric connections between homologous 
cortical areas, during a unilateral motor task, regardless of hemisphere dominance (Stinear et al., 2001) 
may lead to commonalities in muscle recruitment patterns bilaterally. Regardless of the mechanisms, it 
is possible that altered motor control on the asymptomatic side could be a precursor to the development 
of bilateral LE, although further research is required.  
8.4.5. Possible clinical implications 
Current treatments in LE concentrate on strengthening wrist extensor muscles. This approach 
might not be optimal as during strength training individuals with LE are likely to continue use of 
suboptimal muscle activation patterns (greater reliance on EDC) and suboptimal biomechanics (poor 
wrist position). Strategies to optimise recruitment and biomechanics, prior to any strength protocol may 
be required. Because these changes may occur at multiple levels of the motor system (peripheral, spinal, 
supraspinal), a range of interventions are likely required to restore ideal motor patterns. Clinical tools 
used to help restore ideal motor patterns including techniques to modify the control of individual 
muscles (e.g. therapeutic tape (Cowan, Bennell, & Hodges, 2002), and biofeedback using ultrasound 
imaging (Hides, Richardson, & Jull, 1996) or EMG (Crossley, Bennell, Green, Cowan, & McConnell, 
2002)) may be useful. We also suggest that the wrist extensor exercises may be ideal if performed with 
minimal contribution of finger extensors (e.g. load applied proximal to the metacarpophalangeal joint 
with emphasis on avoidance of metacarpophalalgeal extension, such that participants manipulate light 
objects within the hand while completing wrist extension exercises). Similar options have been 
considered in a previous randomised controlled trial protocol (Coombes et al., 2009b), but requires 
further investigation. 
8.4.6. Methodological issues 
The interpretation of this data requires consideration of methodological issues. Our method to 
investigate the contribution of each muscle to total EMG during low level gripping does not allow direct 
 110 
comparison of the amplitude of activity between groups or between muscles. Although normalization of 
EMG data to maximal contractions provides an estimate of the proportion of muscle activity, variation 
in the ability to contract maximally due to pain and/or fear/anticipation of pain (Lindstroem et al., 2012) 
would compromise this analysis. In addition, our analysis does not take into account the individual 
muscle parameters (e.g. moment arms and physiological cross sectional area), which would influence 
the mechanical advantage of individual muscles and their relative contribution to force per unit activity. 
Although intramuscular EMG limits cross-talk of myoelectric activity between muscles in close 
proximity, the specificity of these electrodes may limit the representativeness of the recordings for the 
entire muscle. Our method to investigate the wrist position was focused on only one plane of movement 
(flexion/extension) and as such we may have missed differences in terms of radial and ulnar deviation. 
 
8.5. Perspective  
This study revealed bilateral differences in forearm muscle activity during a low-level gripping 
task between individuals with unilateral LE and pain-free controls. During gripping, wrist extensor 
muscle activity counteracts the wrist flexion moment from finger flexor muscles (Snijders et al., 1987). 
Modified distribution of activity between EDC and ECRB, which are synergists for wrist extension, has 
potential functional impact on performance of the grip (which would be compromised by greater 
contribution from EDC) and loading of the painful muscle (which may be beneficial in terms of pain 
reduction, or problematic in terms of stress shielding with potential role in creation of imbalances in 
distribution of force in the common extensor tendon). The potential short-term benefits, but long term 
consequences concurs with contemporary theories to explain how movement is changed in pain 
(Hodges & Tucker, 2011). Future work should consider potential relationships between cause and 
effect, and whether modification of these patterns through interventions modifies pain and the course of 
the condition requires investigation. The presence of bilateral changes is consistent with previous work 
(Heales, Lim, Hodges, & Vicenzino, 2014b) and could be interpreted to suggest that the changes are an 
epiphenomenon and not a cause of pain, that the bilateral changes may be a consequence of pain, or that 
the asymptomatic arm is a greater risk for future development of the condition.  
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 Is synergistic organisation of muscle activation altered in individuals 
with lateral epicondylalgia 
 
Study 4 highlighted differences in activity of specific forearm muscles between individuals with 
LE and pain-free controls during a static isometric grip at 20% MVC. This study aimed to further the 
understanding of potential dysfunction in the motor system in LE by investigation of whether dynamic 
coordination of muscle activity (i.e. muscle synergies) differs during a repetitive gripping task between 
individuals with LE and pain free controls.  
 
9.1. Introduction 
Lateral epicondylalgia is a common musculoskeletal condition, which is generally considered to 
affect the ECRB portion of the common extensor tendon of the forearm (Nirschl, 1992; Nirschl & 
Ashman, 2003). This condition is typically characterised as a painful impairment of physical activity 
involving gripping or manipulation of objects within the hand (Coombes et al., 2009a; Lim, 2013a) and 
impacts substantially on participation in occupational (Silverstein et al., 2002) and recreational settings 
(Priest et al., 1974). The coordination of muscle activity for gripping is thought to be relevant for 
provocation and persistence of this condition (Snijders et al., 1987). However, few studies have 
considered differences in muscle coordination in this condition. 
Gripping is biomechanically complex and requires fine coordination of the forearm muscles 
(Snijders et al., 1987). This is because the finger flexor muscles, that generate the force of gripping, 
cross multiple joints and their actions at the wrist must be opposed by the antagonist wrist extensor 
muscles to maintain the position of that joint (Snijders et al., 1987). Although this could most simply be 
achieved by activation of the ECRB, ECRL and ECU muscles, that do not cross the finger joints, the 
coordination is complicated by muscle redundancy with many more muscles available (degrees of 
freedom) than are actually required (Castellini & van der Smagt, 2013). In order to resolve this 
complexity, groups of muscle that are activated in synchrony (referred to as muscle synergies or motor 
modules) have been suggested to represent “building blocks” that may reduce the degrees of freedom 
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controlled by the central nervous system (d'Avella & Bizzi, 2005; Overduin et al., 2012; Ting & 
McKay, 2007). For example, five muscle synergies have been identified during gait, with each 
associated to functional subtasks (Ivanenko, Poppele, & Lacquaniti, 2004; Van Den Hoorn, Hodges, 
Van Dieën, & Hug, 2015). 
LE is associated with four features of abnormal motor control that might reflect changes in 
muscle synergies. First, strength of metacarpophalangeal joint extension (EDC) is spared despite 
strength deficits in wrist flexion/extension and metacarpophalangeal joint flexion (Alizadehkhaiyat et 
al., 2007). Second, participants with LE adopt less wrist extension during gripping than pain-free 
controls (i.e. closer to the neutral position of the wrist) (Bisset et al., 2006b) and this is associated with 
reduced grip strength and greater EDC muscle activity (Mogk & Keir, 2003b). Third, LE participants 
use less activation of ECR during sustained grip than pain-free controls (Alizadehkhaiyat et al., 2007). 
Fourth, mapping of the motor cortex has revealed less complex representation of the wrist extensor 
muscles (i.e. fewer areas of peak excitability) in individuals with LE than controls (Schabrun et al., 
2014). This has been interpreted to suggest less complex muscle coordination and fewer muscle 
synergies as a feature of LE. For these reasons we hypothesised that muscle synergies may differ 
between individuals with and without LE. As an additional consideration, function involves gripping in 
various upper limb position (e.g. combination of elbow and forearm movements). This alters grip 
strength (Mathiowetz, Rennells, & Donahoe, 1985; Richards, Olson, & Palmiter-Thomas, 1996) and 
muscle activity (Mogk & Keir, 2003b), and may influence muscle coordination.  
The primary aim of this study was to determine whether muscle coordination during gripping 
(with consideration of both muscle synergies and individual EMG patterns) differs between individuals 
with LE and pain-free controls, when gripping in four different upper limb positions. A second aim was 
to investigate whether the wrist position adopted during the gripping task differs between groups. 
 
9.2. Methods 
A case-control study design was used to evaluate differences in synergistic patterns between 
individuals with LE and age-matched controls who reported no symptoms of LE. To address the 
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primary aim we used a non-negative matrix factorization (NMF) algorithm to identify muscle synergies 
from intramuscular (fine-wire) EMG recordings of ECRB, ECRL, EDC, FCR, FDS, and FDP. Potential 
differences in the number of muscle synergies were identified if the synergies extracted from the EMG 
data accounted for different amounts of variance between groups. Potential differences in the 
composition of muscle synergies were identified if the synergies extracted for the control group (from 
the dataset composed of all control subjects) did not accurately reconstruct the EMG patterns of the LE 
participants. 
9.2.1. Participants 
Fifteen participants with clinical signs of LE and 15 with no history of elbow pain or injury 
(pain-free controls) were recruited. Participants were also involved in Chapter 8 (Study 4) unrelated to 
investigation of muscle synergies. Participant demographics are presented in Table 9-1. 
9.2.2. Characterisation of lateral epicondylalgia 
Clinical measures including the PRTEE form, pain-free grip force, and NRS for pain intensity 
were recorded to characterise the LE group (see Section 6.2.3 and 6.2.4) The maximum grip force 
generated by the participants with LE without provoking pain (pain-free grip force) was significantly 
less than the maximum grip force generated the pain-free controls (-73%; p<0.001). Participant 
characteristics are presented in Table 9-1. 
  
 115 
 
Table 9-1 Participant characteristics and demographics (mean (SD) or n (%) or n (range)) 
 
Lateral Epicondylalgia 
(n = 12) 
Healthy Controls 
(n = 14) 
Sex: Female 8 (66%) 9 (64%) 
Age in years (range) 51.6 (37 to 62) 51.4 (39 to 67) 
Right arm dominant  10 (83%) 13 (93%) 
Dominant arm affected  10 (83%) n/a 
Symptoms duration in weeks (range) 22.2 (8 to 52) n/a 
PRTEE (score/100) 37.7 (13.6) n/a 
NRS (0 - 10) 7.4 (1.8) n/a 
Pain-free grip strength in N 81.7 (46.4)* 298.8 (76.8) 
* P<0.05 for comparison between LE and Control groups; PRTEE – patient rated tennis elbow 
evaluation, NRS – numerical rating scale, n/a – not applicable 
 
9.2.3. Study Measurements 
Grip force during the experimental tasks was recorded using an electronic grip dynamometer 
(Section 6.3.3) and electro-goniometer measured wrist angle (see Section 6.3.4). Bipolar fine-wire 
electrodes were fabricated and inserted as described in section 6.3.2. 
9.2.4. Protocol 
Participants sat with their back supported and knees and hips in 90° of flexion with feet resting 
on the floor. Participants performed a maximum voluntary grip with the asymptomatic arm for 3-5 s 
with strong verbal encouragement. The task was repeated in four positions that were: shoulder in neutral 
beside the body with the elbow flexed to 90° (proximal third of the ulna resting on the armrest) and 
forearm either pronated (position 1) or neutral (position 2); and shoulder flexed to 90° with the elbow 
extended and the forearm either pronated (position 3) or neutral (position 4). Maximum grip of the 
asymptomatic arm was used to ensure pain was not provoked in the symptomatic arm prior to testing. 
This maximum grip force for the asymptomatic arm was used to calculate that 20% target as an estimate 
of 20% of the maximum grip force of the symptomatic arm in individuals with LE. Tasks were 
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performed with the order of the four arm positions randomised and with two minutes rest between 
maximal contractions in each position. The 20% target was selected as it was likely to be pain-free for 
participants with LE. Participants performed 15 consecutive repetitions (0.5 Hz) of a dynamic gripping 
task between 0 to 20% of the maximum grip strength in the four positions in a random order with 1-min 
rest between each position. Visual feedback of the force target was provided on a computer screen and 
participants practiced the task with each arm for up to 15 repetitions for familiarisation. No participants 
experienced pain during the task. 
9.2.5. Data management 
9.2.5.1. EMG data 
Raw EMG data were visually inspected for artefacts and 8 to 12 consecutive repetitions were 
retained for analysis. Data for 3 LE and 1 control participant(s) could not be include as the EMG signal 
for one or more muscles was too selective and represented only a few motor units or included 
substantial movement artefact that precluded accurate analysis. For control participants, the analysis of 
EMG data (including calculation of individual EMG patterns and extraction of synergies) was 
completed on the side with the best EMG signals (i.e. highest signal-to-noise ratio and minimization of 
movement artefacts). This resulted in the selection of 10 dominant and 4 non-dominant arms. For 
individuals with LE, only the symptomatic arm was used for the analysis.  
EMG data were band-pass filtered (20-950 Hz, Butterworth filter, 2nd order), rectified, smoothed 
with a zero-lag low-pass filter (3 Hz, Butterworth filter, 2nd order), and time-normalized to 200 data 
points for each gripping repetition. EMG amplitude for each muscle was normalized to the average of its 
peak amplitude for all repetitions.  
9.2.5.2. Wrist angle and grip force data 
The wrist angle (flexion and extension) and grip force signals were analysed for the same 
repetitions as the EMG signal. Data were low-pass filtered (3 Hz; Butterworth filter, 2nd order) and 
averaged to obtain a single mean value for wrist position in each of the four task positions.  
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9.2.5.3. Extraction of muscle synergies 
Non-negative matrix factorization was performed on the pre-processed EMG dataset. For this 
purpose, we implemented the Lee and Seung (1999) algorithm. Matrix factorization minimizes the 
residual Frobenius norm between the initial matrix and its decomposition, and is given as:  
 
 
where E is a p-by-n initial matrix (p=number of muscles and n=number of time points), W is a 
p-by-s matrix (s=number of synergies), C is a s-by-n matrix and e is a p-by-n matrix.  establishes 
the Frobenius norm, W represents the muscle synergy vectors matrix (i.e., relative weighting of each 
muscle), C is the synergy activation coefficients matrix (i.e., recruitment of the synergy over time) and 
E is the residual error matrix. The algorithm is based on iterative updates of an initial random guess of 
W and C that converge to a local optimal matrix factorization [see reference (Lee & Seung, 1999) for 
more details]. The algorithm was repeated 20 times. The lowest cost solution was retained (i.e., 
minimized squared error between original and reconstructed EMG patterns).  
First, muscle synergies were extracted for each participant from an EMG matrix merging the 4 
gripping positions. We iterated the analysis by varying the number of synergies between 1 and 6 (i.e. 
number of recorded muscles) and selected the least number of synergies that accounted for >90% of 
Variance Accounted For (VAF) or until adding an additional synergy did not increase VAF by > 5% 
(Frère & Hug, 2012). Mean total VAF was calculated as described in (Torres-Oviedo, Macpherson, & 
Ting, 2006). Then, by using the same technique, muscle synergies were extracted for each participant 
and gripping position independently. 
9.2.5.4. Between-group similarity 
To assess the similarity/difference of the muscle synergies between controls and LE participants, 
we checked that the muscle synergies extracted from the control population accounted for the EMG 
patterns of each of the controls and LE participants. To do this, the muscle synergy vectors matrix 
(Wcontrol) extracted from the entire control population (dataset composed of all control subjects) was held 
FRO
•
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fixed in the NMF algorithm while the activation coefficient matrix of the compared subject (Csubject) was 
free to vary (Hug, Turpin, Couturier, & Dorel, 2011; Torres-Oviedo et al., 2006). Csubject was initialized 
with random values and iteratively updated until convergence. The EMG data matrix of the compared 
subject (Esubject) was provided to the algorithm with the following update rule (Lee and Seung, 2001): 
     
This process was performed for each task separately. Note that when the compared subject was a 
control participant, they were not taken into account in the calculation of the synergy vector matrix for 
the control population, i.e., the initial matrix was composed by 13 (14-1) control participants. Twenty-
six pairwise comparisons (14 for controls and 12 for LE participants) were performed. The overall VAF 
were used to quantify the success of the fixed muscle weightings and the newly computed synergy 
activation coefficients to reconstruct the initial EMG patterns.  
9.2.6. Statistical analysis 
Data distributions consistently passed the Shapiro-Wilk normality test. Data are reported as 
mean (standard deviation) throughout the text and the figures. Statistical analyses were performed using 
Statistica Software (StatSoft Inc, Oklahoma, USA). A mixed effects repeated measures ANOVA 
(between-subjects factor: group [LE vs. controls]; within-subject factors: elbow position [flexed vs. 
extended] and forearm position [pronated vs neutral]), was used to compare the VAF values. Forearm 
and elbow positions were separated to allow comparisons between positions. Separate ANOVA’s were 
used to compare wrist angle and grip force data between groups. Post-hoc analysis was completed using 
Duncan’s multiple range tests. Student’s t-tests were used to compare VAF (when muscle synergies 
were extracted from the merged 4 positions), and grip strength, between groups. Significance was set at 
P<0.05. 
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subject subject
control control subject
(W E )
(C ) (C )
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←
 119 
9.3. Results  
9.3.1. EMG patterns 
Figure 9-1 depicts the ensemble-averaged normalized EMG patterns for the 6 muscles. Although 
the shape of the EMG patterns was similar between the 2 groups for most muscles, differences are 
noteworthy for FDS. A second, late burst of FDS EMG was observed during the release phase in the LE 
participants. Inspection of the individual data revealed that this burst was present in 7/12 (58.3%) LE 
participants and 4/14 (28.6%) controls. 
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Figure 9-1 Ensemble-averaged EMG patterns for each group and each position (Dotted line – LE group, 
Solid line – pain-free control group). ECRB – extensor carpi radialis brevis, ECRL – extensor carpi 
radialis longus, EDC – extensor digitorum communis, FCR – flexor 
 
9.3.2. Muscle synergies  
When muscle synergies were first extracted for each participant from the 4 positions merged 
within the same matrix, using the criterion previously described (i.e. VAF >90% or until adding an 
additional synergy did not increase VAF by >5%), two synergies were identified. These two synergies 
accounted for a similar VAF for both groups (93.1±2.6% and 94.6±1.7% for the LE group and pain-free 
controls, respectively; p=0.14).  
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When we extracted and compared synergies for each position separately, 2 synergies accounted 
for 98.3±1.3%, 98.1±1.0%, 98.4±0.8%, and 98.1±1.0% for position number 1, 2, 3, and 4, respectively, 
for the control participants. When considering the LE participants, 2 synergies accounted for 
98.5±0.5%, 97.6±1.6%, 98.1±1.0%, and 97.8±1.1% for position number 1, 2, 3, and 4, respectively. 
There were no between-group differences (Main effect: Group p=0.52). Synergy #1 mainly involves 
ECRB, ECRL and FDP and is activated during the squeeze phase of the grip cycle. Synergy #2 mainly 
involves EDC and FCR and is activated during the release phase of the grip cycle (Figure 9-2).  
Then the similarity of the muscle synergies between the two populations was assessed using the 
muscle synergy vectors extracted from controls (from a dataset merging all the control participants) to 
reconstruct the EMG patterns of each LE and control participant for each position separately. The 
synergies of the control group explained between 89.7±4.3% and 91.3±4.0% of VAF (depending on the 
position) for pain-free controls and between 83.3±6.8% and 89.2±5.3% of VAF (depending on the 
position) for LE participants (Table 9-2). The VAF values were lower for the LE participants than 
controls, regardless of the elbow and/or forearm position (Main effect: Group, p=0.009). It is important 
to note that although the VAF was lower than for controls, VAF values of the LE group remained high 
(>83.2%, Table 9-2). This signifies that the reconstruction of EMG patterns with synergies of controls 
was not greatly affected by this process.  
Inspection of individual data reveals that 5 out of the 12 (42%) LE participants (participant 
number 1, 2, 4, 7 and 10) exhibited a VAF value <80% for at least one position. Only 1 out of the 14 
(7%) pain-free controls (participant number 2) had a VAF value less than this threshold which is based 
on the work of other authors to select synergies (Ivanenko et al., 2004). This observation indicates that 
the synergies of these participants are less similar than the ensemble synergies of the control group. 
Inspection of the individual EMG patterns of these participants revealed that this lower similarity was 
mainly explained by the second, later burst of FDS EMG during the release phase of the gripping task. 
In some participants the main EMG burst of FDS muscle activity was located at the end of the gripping 
cycle rather than during (an example of this is shown in Figure 9-3). As a consequence, the 
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representation of the FDS muscle within Synergy #1 was lower in these participants than the remaining 
LE participants and controls.  
 
 
Figure 9-2 Muscle synergies obtained for each group in each of the four different arm positions (Dotted 
line and grey bars – LE group, Solid line and black bars – pain-free control group). ECRB – extensor 
carpi radialis brevis, ECRL – extensor carpi radialis longus, EDC – extensor digitorum communis 
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Table 9-2 Individual VAF (%) from control synergy for separate positions 
Participant 
number 
Lateral epicondylalgia Pain-free controls 
 Position 
1 
Position 
2 
Position 
3 
Position 
4 
Position 
1 
Position 
2 
Position 
3 
Position 
4 
1 82.5 95.3 82.5 78.6 94.0 88.6 93.8 93.4 
2 86.4 78.4 88.0 77.4 86.8 80.8 83.8 77.7 
3 89.6 86.4 95.0 92.5 90.4 84.2 93.0 88.7 
4 89.1 78.5 85.5 74.8 86.1 88.2 85.1 84.7 
5 87.2 80.2 85.3 82.6 81.1 89.1 87.2 85.5 
6 80.1 86.9 95.7 81.8 90.7 89.9 90.6 91.4 
7 86.5 75.4 85.4 73.9 95.9 96.6 97.0 95.3 
8 88.2 95.4 95.6 94.6 92.7 91.9 92.1 90.4 
9 87.2 85.3 91.5 80.8 88.3 90.5 96.3 92.4 
10 74.4 77.2 81.6 83.5 94.1 95.0 90.1 95.4 
11 89.7 85.8 89.7 90.3 94.6 93.6 89.4 86.8 
12 97.3 91.3 95.2 88.1 92.1 91.0 92.1 94.1 
13 - - - - 94.4 84.8 91.0 94.2 
14 - - - - 94.7 91.7 96.0 92.7 
Mean 86.5 84.7 89.3 83.2 91.1 89.7 91.3 90.2 
SD 5.6 6.9 5.3 7.0 4.2 4.3 4.0 5.0 
VAF – variance accounted for, SD – standard deviation, bold text highlights those with VAF less than 
80% 
 
 124 
 
Figure 9-3 The raw EMG data, grip force and averaged muscle activity for one individual with LE 
(subject number 10). FDS – flexor digitorum superficialis 
 
9.3.3. Grip force and wrist angle 
Grip force and wrist angle are presented in Table 9-3. The repeated measure ANOVA revealed 
neither a significant main effect for group (p=0.67) nor a significant interaction involving group (all 
>0.22). This indicates that grip force during the task was not different between groups, regardless of 
elbow or forearm position. For both groups a greater grip force was recorded when the elbow was 
extended than flexed (Main effect: elbow position, p=0.046) and when the forearm was neutral 
compared to pronated (Main effect: forearm position, p<0.0001). There were no interactions (all p 
>0.22). 
The average wrist angle during the performance of the gripping task did not differ significantly 
between groups (Main effect: p=0.85, Table 9-3), regardless of elbow or forearm position (Interactions: 
all p>0.28). When data for both groups were combined, there was a significant elbow by forearm 
interaction (p=0.02). Participants gripped with less wrist extension when the forearm was pronated and 
the elbow flexed than all other positions (Post hoc, all p<0.03). Participants also gripped with less wrist 
extension with the forearm pronated and the elbow extended than any of the forearm neutral positions 
(either elbow flexed (p<0.001) or extended (p<0.001)). 
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Table 9-3 Mean (SD or 95% CI) for grip force and wrist angle during gripping task 
 
Task 
position 
Lateral 
epicondylalgia 
Pain-free controls MD (95% CI) 
Grip Force 
(N) 
1 52.6 (14.9) 55.1 (12.7) -2.5 (-13.7 to 8.7) 
2 58.0 (18.4) 59.0 (15.3) -1.0 (-14.6 to 12.6) 
3 53.0 (16.3) 57.1 (15.7) -4.1 (-17.1 to 8.8) 
4 58.7 (18.4) 61.5 (15.5) -2.8 (-16.5 to 11.0) 
Wrist 
Angle (°) 
1 18.1 (11.0) 16.3 (11.3) -1.8 (-10.8 to 7.3) 
2 35.5 (10.3) 33.1 (12.8) -2.4 (-11.9 to 7.1) 
3 20.2 (11.0 21.0 (12.0) 0.8 (-8.5 to 10.2) 
4 32.3 (8.8) 32.9 (10.0) 0.6 (-7.1 to 8.3) 
MD – Mean difference, 95% CI – 95 percent confidence interval 
 
9.4. Discussion 
The primary aim of this study was to determine whether coordination (as quantified by muscle 
synergies) of forearm muscles during gripping differs between individuals with LE and pain-free 
controls. Considering the whole group, data show that the number of muscle synergies was not different 
between groups. In addition, though statistically significantly different, muscle synergies differed little 
between groups in each of the elbow or forearm position. However, individual variation was apparent; 
some participants (mostly those with LE) used a different strategy of activation of FDS muscle. In this 
study of twenty-six participants, wrist position during gripping did not differ significantly between 
groups.  
9.4.1. Muscle coordination 
The complexity of motor control is thought to be reflected by the number of muscle synergies 
(Clark, Ting, Zajac, Neptune, & Kautz, 2010). In the present experiment, we identified two muscle 
synergies for both participant groups. This can be grossly interpreted to suggest a similar complexity of 
motor control. For both groups the two muscle synergies related to separate gripping phases (“squeeze” 
and “release” phase for Synergy 1 and 2, respectively). Studies on gripping performed in healthy 
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controls have shown activation of wrist extensor muscles (ECRB, ECRL, EDC, and ECU) to counteract 
the flexion moment caused by activation of finger flexor muscles (FDP and FDS) (Johanson, James, & 
Skinner, 1998; Mogk & Keir, 2003b; Snijders et al., 1987). These data are consistent with Synergy 1 in 
the current study, which included activation of ECRB, ECRL in conjunction with FDS and FDP. 
Although EDC generates a wrist extension moment, and is often activated during function to contribute 
to this role, its tendons also cross the finger joints (Johanson et al., 1998; Snijders et al., 1987) and its 
primary role has been argued to be extension of the fingers (Saladin, 2011). Activation during the 
release phase of gripping can be explained by this role (Johanson et al., 1998). During the release phase 
of gripping co-activation of the wrist flexor muscles (e.g. FCR) might be required to oppose the wrist 
extension moment created by the activity of EDC as it opens the fingers. Additionally, the activation of 
FCR during the release phase of the task is thought to help stabilise the carpal bones, particularly the 
scaphoid, during movements of the wrist (Salvà-Coll, Garcia-Elias, Llusá-Pérez, & Rodríguez-Baeza, 
2011).  
When considering the whole group, our cross-validation analysis showed that synergies used by 
the LE participants during gripping were slightly different to those of controls, although the VAF (an 
indicator of the accuracy of the reconstruction of the EMG patterns using the synergy vectors of control 
participants) remained high (>83.3%). A threshold of VAF 80% has been used as a criterion to select 
the number of muscle synergies in some studies (Ivanenko et al., 2004), and was considered here as an 
indication of acceptable reconstruction accuracy. Despite the reasonable reconstruction for the group as 
a whole, inspection of individual data revealed that VAF dropped below 80% in nearly half (42%, 5 of 
the 12) of the LE participants but only one (7%, 1 of the 14) of the pain-free controls. This observation 
paralleled the observation of an additional burst of FDS EMG during the release phase in 58.3% (7 out 
of 12) of the LE participants and 28% (4 out of 14) of the controls.  
Although the present study does not enable more detailed interpretation of the mechanisms or 
consequence of this difference in coordination, it is possible to speculate the possible relevance for LE 
in conjunction with other data. Although the present analysis of muscle synergies does not permit 
comparison of EMG amplitudes, other work, including analysis that includes some participants included 
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in the present study, has shown less activation/contribution of ECRB (Alizadehkhaiyat et al., 
2007)/(Study 4, see Chapter 8) and greater contribution of EDC and FDP during gripping in individuals 
with LE than controls (Study 4, see Chapter 8). Although this solution might reduce stress on ECRB, it 
would be somewhat counterproductive for gripping as EDC activation would oppose the role of FDP in 
gripping. Taken together, the present synergy data imply that the basic structure of the pattern is 
maintained, perhaps with modified relative contributions of the individual muscles to force. The 
additional burst of FDS activation at the release of grip in some individuals might reflect an adaptation 
to eccentrically control opening of the fingers, as may be necessary as a secondary to greater activation 
of the EDC muscle. 
It is not possible to determine whether the identified difference in muscle synergy in some 
participants with LE was pre-existing or developed after the development of LE symptoms. In other 
conditions, some differences in motor control in clinical groups have been suggested to precede and 
potentially contribute to the development of pain and/or injury (Cholewicki & McGill, 1996), whereas 
others develop after pain (e.g. antalgic gait after acute ankle sprain). Most contemporary models propose 
that changes in muscle coordination in pain act to protect a painful tissue from further pain/injury 
(Hodges, 2011; Hodges & Tucker, 2011). This is thought to occur in a manner that varies between 
individuals (Hodges & Tucker, 2011) which concurs with our data, and that of other EMG studies using 
experimental pain models (Muceli et al., 2014).Although the gripping task performed in the present 
study was pain-free, participants with LE may have developed specific patterns of motor activity with 
repeated exposure to pain (Coombes et al., 2009a). As highlighted above, the modified finger flexor 
muscle activation may be secondary to a strategy to unload the ECRB during gripping. Another 
prediction of contemporary theories of motor adaptation to pain is that changes might be detrimental in 
the long term (Hodges & Tucker, 2011). An issue worthy of consideration in further studies is whether 
the modification of coordination of FDS activation has detrimental consequences as a result of 
additional load on the extensor muscles and interposed joints. As hinted at about, this adaptation could 
also be the precursor to development of LE. 
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9.4.2. Wrist position during grip 
Although differences in muscle coordination could affect wrist kinematics, no changes in wrist 
angle were found in the present study. This is inconsistent with previous data that show less wrist 
extension (i.e. closer to the neutral position) during isometric pain-free grip for individuals with LE than 
pain-free controls (Bisset et al., 2006b). There are four possible explanations for the differences in 
results. First, the speed/repetitive nature of the task (i.e. 10 – 15 rapid isometric grips vs. one static 
isometric grip) might alter the kinematics of the task. Second, participants gripped to the first onset of 
pain (average of 54% MVC) in the earlier study (Bisset et al., 2006b), which is substantially greater than 
the 20% MVC used here. Thus either the intensity or presence of pain could explain the difference. 
Third, the studies used different methods to measure wrist position (electrogoniometer attached to the 
dorsum of the hand and forearm vs. angles between markers placed over the lateral epicondyle, radial 
styloid process and the head of the fifth metacarpal from photographs (Bisset et al., 2006b)). Fourth, the 
current study investigated multiple upper limb positions compared to the one position of Bisset et al. 
(2006b) (i.e. shoulder flexed to 90º, the elbow extended and forearm pronated). This is unlikely to 
explain differences between studies as the position used by Bisset et al. (2006b) was similar to position 
3 used here. Fifth, the previous study used a larger sample and may have had a greater power to detect a 
difference.  
9.4.3. Methodological considerations 
Several methodological issues require consideration. First, although the hypothesis that the 
central nervous system controls movement through a simplified combination of muscle synergies is 
supported by experimental (Overduin et al., 2012) and simulation data (Neptune, Clark, & Kautz, 2009), 
others data have been interpreted to suggest muscle synergies simply reflect the underlying task 
constraints (Kutch, Kuo, Bloch, & Rymer, 2008). Irrespective of whether muscle synergies reflect “units 
of control” or “task constraints”, they offer a unique opportunity to analyse the underlying structure of 
muscle coordination (Safavynia, Torres-Oviedo, & Ting, 2011). Second, our analysis does not consider 
the difference in EMG amplitude (i.e. magnitude of muscle activation). As timing and amplitude of 
muscle activation have been suggested to be controlled independently (Scott Kelso, Southard, & 
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Goodman, 1979; Weijs, Sugimura, & van Ruijven, 1999), differences in EMG amplitude cannot be 
excluded. Although worthy of consideration, comparison of EMG amplitude between populations 
requires normalization of EMG amplitude and this brings with it inherent complexities in pain 
populations because the presence/and or the fear of pain can reduce maximal voluntary activation 
(Lindstroem et al., 2012; Oddsson & De Luca, 2003; Yang, Hou, & Zhang, 2009). Third, although the 
current study benefits from use of fine wire EMG, which minimizes the likelihood if cross talk between 
myoelectric activity from adjacent muscles (Mogk & Keir, 2003a), and is unique for the field of LE 
research, the small recording area of these electrodes might not represent the activity of the entire 
muscles.  
9.4.4. Conclusion 
In conclusion, this study provides evidence of a small, but significant, difference in synergistic 
organisation of activation of forearm muscles between individuals with LE and controls. This was 
reflected by a specific change in forearm muscle activation during grip release in almost half of the LE 
participants. Further investigation is required to determine the mechanism and possible consequences of 
this adaptation.  
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 Summary and implications of thesis findings, strengths and 
limitations of research design, future research direction and conclusions 
 
The overall objective of this thesis was to better understand potential differences in the motor 
system between individuals with unilateral LE and controls with no history of LE or pain-free 
contralateral upper limb pain. Interpretation of the findings of each study is presented within the 
respective chapters. This chapter aims to bring together the work of this thesis and give broader context 
to the findings. 
 
10.1. Brief summary of the main findings of each study 
Study 1 (see Chapter 3) highlighted the limited and heterogenetic nature of studies that have 
compared forearm muscles activity between individuals with LE and data for pain-free controls. This 
review identified a generally greater amplitude of ECRB, ECRL, FCR, and PT (expressed as a 
percentage of MVC) during backhand tennis strokes (Kelley et al., 1994), and a lower contribution to 
total EMG of ECR, and greater contribution of ECU, during isometric wrist extension (Rojas et al., 
2007). Conclusions of both studies were compromised by methodological shortcomings. No studies had 
compared EMG amplitude of forearm muscle during gripping at low levels of force (and therefore pain-
free) in individuals with LE and pain-free controls. As this task is provocative of pain and characterised 
by impaired function in individuals with LE, and is necessary for many functions, this represents a 
major gap in the literature. Temporal EMG parameters differed between individuals with LE and pain-
free controls for gripping (Chourasia et al., 2012) and tennis strokes (Bauer & Murray, 1999), but 
interpretation of data was compromised by inaccurate interpretation of the delay by the authors.  
Study 2 (see Chapter 4) systematically reviewed the literature to identify studies related to 
sensory and motor system changes in the asymptomatic arm of individuals with unilateral tendinopathy 
with a pain-free comparison group. Meta-analysis identified differences in sensory system function 
related to pain (e.g. pressure, heat and cold pain thresholds), as well as some motor system functions 
(e.g. reaction time and speed of movement), in both the asymptomatic/contralateral arm of individuals 
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with unilateral LE when contrasted to the arms of pain-free controls. This identification of bilateral 
changes in LE highlights that comparison of features between the symptomatic and asymptomatic limb 
may lead to inaccurate interpretation and studies investigating unilateral tendinopathy should include a 
pain-free control group for comparison. The data highlight that there may be justification for clinicians 
to consider assessment and treatment of the asymptomatic arm to prevent development of the condition 
in that limb, although this requires investigation in clinical trials.  
Study 3 (see Chapter 7) used MSUS imaging by assessors blinded to participant group (LE vs. 
pain-free control) to compare the presence of tendon pathology between the symptomatic and 
asymptomatic limb of individuals with unilateral LE and pain-free controls. Individuals with unilateral 
LE showed greater common extensor tendon pathology in the symptomatic limb than pain-free controls 
for the scores of tendon thickening, hypoechoic region, fibrillar disruption, and hypoechoic volume. 
Although this study identified tendon pathology within the asymptomatic common extensor tendon of 
individuals with unilateral LE, this was not greater than that of the pain-free controls.  
During gripping, Study 4 (see Chapter 8) identified a lower contribution of ECRB EMG to 
summed EMG of all muscles measured on the symptomatic side, and a greater contribution of EDC and 
FDP EMG to summed EMG bilaterally, in individuals with unilateral LE than pain-free controls. The 
apparent bias towards activation of EDC (which extends the wrist, but also opposes finger flexion) in 
preference to ECRB to stabilise the wrist during gripping will likely lead to compromised function of 
gripping. A possible explanation for this finding is that the nervous system may have elected to unload 
the ECRB because of muscle/tendon dysfunction (e.g. pathology within the muscle (Ljung et al., 1999), 
pain on contraction (Pienimäki et al., 2002), and/or wrist extension weakness (Alizadehkhaiyat et al., 
2007; Slater et al., 2005)). Activation of a finger extensor muscle (EDC) to stabilise the wrist may 
provide a viable, although not ideal, substitute strategy to compensate for the reduced contribution of 
ECRB. This modified motor control strategy could have relevance for the potential change in wrist 
position in LE and its role in coordination of the forearm in individuals with LE. Although we did not 
observe changes in the wrist position when all data were analysed in a single statistical model, previous 
work with a larger sample size (and when our data were analysed for a single experimental task, see 
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Chapter 8) has shown that individuals with LE grip with less wrist extension than pain-free controls 
(Bisset et al., 2006b) (for detailed interpretation of wrist position see Section 10.3). Although the cross-
sectional nature of the study means that it is impossible to conclude whether this pattern of motor 
activity (i.e. lower contribution of ECRB and greater contribution of EDC) preceded or followed onset 
of pain, the changed strategy may have negative consequences for the ECRB tendon secondary to stress 
shielding by muscle unloading. 
Study 5 (see Chapter 9) highlighted differences in motor control between participants with and 
without LE. Individuals with LE showed less “consistency” when each individual LE participant’s 
muscle synergy was compared to the “control” synergy (i.e. the average of the controls). This implies 
greater inter-individual variance of motor control between participants with LE than controls. Although 
this was statistically significant the differences were small. Inspection of individual data revealed that 
those with LE showed a second burst of EMG activity in the FDS muscle, which was less frequently 
observed in the data of the pain-free controls. This second burst of FDS EMG in the LE group but not 
the controls might explain individual differences observed in the muscle synergies between groups 
(Study 5, see Chapter 9). Although the relevance of this second burst of FDS activity in individuals with 
LE is cannot be determined from that study, might represent an altered finger flexor muscle strategy to 
counteract EDC muscle activity. 
 
10.2. Implications of thesis for understanding motor system impairments in lateral 
epicondylalgia 
Muscle activity is coordinated by multiple mechanisms throughout the nervous system including 
peripheral, spinal, and supra-spinal contributions. Two studies in this thesis, using different methods, 
identified differences in forearm muscle activity between individuals with LE and pain-free controls. 
Because of the case-control study design it is not possible to determine whether the changes preceded 
(i.e. potential cause) or followed (i.e. consequence/adaptation to pain and potential role in persistence of 
the condition) the onset of LE, thus it is imperative to consider the findings from both perspectives.  
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10.2.1. Possible role of motor control as a precursor to lateral epicondylalgia  
Differences in the muscle activity during gripping may have preceded and even contributed to 
the development of LE. Normal tendon structure requires longitudinal mechanical load evenly 
distributed throughout the tendon. Irregular distribution may lead to greater stress on some areas and 
lower stress on others. Lower stress has been suggested to underpin tendinopathic-like changes (i.e. loss 
of collagen orientation, altered tenocyte morphology) via mechanisms referred to as stress shielding 
(Arnoczky et al., 2007). The common extensor tendon is a connective tissue structure made up of 
contiguous tendons of ECRB, EDC, and ECU. A lower contribution of ECRB to the total EMG during 
gripping in individuals with LE than pain-free controls (Study 4, see Chapter 8) might reflect sparing of 
the ECRB portion of the common extensor tendon (i.e. decreased stress in ECRB), with the 
consequence of increased loads in other portions (e.g. EDC, ECU). This might compound the 
tendinopathic changes in the ECRB portion of the common extensor tendon in the symptomatic limb of 
individuals with unilateral LE that are greater than changes identified in pain-free controls (Study 3, see 
Chapter 7) (i.e. stress shielding (Arnoczky et al., 2007)). There is evidence of the possibility that stress 
shieling might be present, at least in part, in the asymptomatic side of individuals with unilateral LE. 
Study 4 (see Chapter 8) identified a greater contribution of EDC to total EMG in the asymptomatic arm, 
again with the potential to create uneven distribution of load throughout the tendon. Although Study 3 
(See Chapter 7) identified tendinopathic-like changes in the asymptomatic common extensor tendon, 
these changes were not significantly greater than that of pain-free controls. Although it is possible that 
these tendinopathic-like changes are a precursor to the development of pain, this is weakened by the 
similar prevalence of pathological changes in the tendons of pain-free controls. Longitudinal studies are 
required.  
An alternative perspective is that increased stress in EDC tendon (not ECRB) may be the origin 
of the nociceptive input in LE (Fairbank & Corlett, 2002). In this case, the increase activity of EDC 
observed in Study 4 (see Chapter 8) might lead to LE as a consequence of overuse of this muscle (Pitzer 
et al., 2014) rather than under-use of ECRB (stress shielding).  
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Although no longitudinal studies have investigated the motor system as a possible contributor to 
the development of LE, this has been investigated in other tendinopathies. For instance, data from a 
prospective study identified lower plantar-flexor strength and greater passive dorsiflexion range of 
motion with the knee extended in individuals that developed an Achilles tendon overuse injury than 
those who did not (data observed in 69 army recruits entering six weeks of basic army training (Mahieu, 
Witvrouw, Stevens, Van Tiggelen, & Roget, 2006)). Recent findings of a 5-year prospective study show 
that at the time of inclusion, elite male junior volleyball players who went on to develop patellar 
tendinopathy symptoms had a greater countermovement jump height than the players who did not 
develop the condition (Visnes, Aandahl, & Bahr, 2013). Other studies have found no association 
between specific motor system features and the development of pain, but rather the development of 
changes in motor system function after the onset of symptoms. Although a prospective study showed 
that maximal knee extensor strength was not related to the development of symptoms (Witvrouw, 
Bellemans, Lysens, Danneels, & Cambier, 2001), previous work has shown lower maximal knee 
extension strength in individuals with symptomatic patellar tendinopathy than pain-free controls 
(Crossley et al., 2007). This highlights the possibility that some motor system impairments might not 
contribute to the development of the musculoskeletal condition, but might reflect changes to the motor 
system after the development of pain. Further research is required.  
10.2.2. Motor control differences as a consequence of lateral epicondylalgia  
Altered motor control as a consequence/adaptation to LE can be viewed from a peripheral, 
spinal, and supra-spinal perspective. Although these perspectives can be viewed independently it is 
likely that a combination of all three contribute to altered motor control in LE. From one perspective, 
peripheral mechanisms such as tissue pathology and nociceptive stimulation (discussed in sections 2.2 
and 2.3, respectively), might contribute to changes in forearm muscle activity observed in LE (Studies 4 
and 5, see Chapters 8 and 9). Analysis in Chapters 8 and 9 (Studies 4 and 5) did not find any 
relationships between the severity of symptoms and changes in forearm muscle activity. This is not 
surprising as pain is multifactorial and the pathology of LE is complex with central (Study 2) and 
peripheral changes (Study 3). Study 3 (see Chapter 7) identified significant pathology within the 
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symptomatic common extensor tendon that was greater than that observed in pain-free controls, and this 
is consistent with previous evidence (Levin et al., 2005). Analysis of the asymptomatic arm of 
individuals with LE revealed tendon pathology, but this was not greater than that of pain-free controls 
(Study 3, see Chapter 7). This contrasts our hypothesis of bilateral changes, based on previous human 
and animal studies revealing greater tendon pathology bilaterally in unilateral conditions in other body 
regions (Andersson et al., 2011; Barbe et al., 2003; Grigg et al., 2012) (Study 3, see Chapter 7). 
Previous work has identified greater moth-eaten fibres, and muscle fibre necrosis within the ECRB 
muscle on the symptomatic arm of individuals with LE than pain-free controls, but the asymptomatic 
side was not investigated (Ljung et al., 1999). These changes in the tendon and muscle of individuals 
with LE that are greater than those in the tendon of pain-free controls might be associated with 
disruption of mechanoreceptors/sensory receptors (e.g. muscle spindles, Golgi tendon organs), which 
would underpin modified afferent input from the periphery to the CNS. In support of this proposal, there 
is evidence of less accurate elbow proprioception in individuals with LE than pain-free controls (Juul-
Kristensen et al., 2008), although the case-control design of that study does not permit interpretation of 
cause or effect. 
The spinal cord links the supra-spinal regions to the periphery, thus it is likely affected by both 
peripheral stimuli and descending control. Spinal cord mechanisms might be responsible for modified 
motor control, such as the lower contribution of ECRB EMG to total EMG observed in Study 4 (see 
Chapter 8), as a result of mechanisms such as reflex inhibition. Reflex inhibition is thought to be the 
result of afferent input from injured tissue, which inhibits the activation of muscle by reducing the 
excitability of the motoneurons (Morrissey, 1989). Although research in LE has not been undertaken, 
there is evidence of  reduced activation of knee extensor muscles after knee joint injury (Morrissey, 
1989). Conversely, greater contribution of EDC and FDP (Study 4, see Chapter 8) and a second burst of 
activity of the FDS muscle (Study 5, see Chapter 9) in the LE group contrasted to pain-free controls, 
might reflect greater excitability in the spinal cord. Spinal reflexes such as the H-reflex are affected by 
motoneuron excitability and have been studied in chronic pain conditions (Ginanneschi et al., 2007; 
Wang et al., 2011). Although not investigated in LE, H-reflexes do not differ between limbs 
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(symptomatic vs. asymptomatic) in individuals with unilateral Achilles tendinopathy (Wang et al., 
2011). A limitation of that finding is the lack of comparison to a pain-free control group. Thus, results 
might reflect no differences in H-reflex in individuals with tendinopathy or a bilateral effect (i.e. an 
altered H-reflex in both the symptomatic and asymptomatic limb when compared to a pain-free control 
group (Study 2, see Chapter 4)). A recent study identified that individuals with LE had a lower threshold 
to elicit the nociceptive flexor reflex (NFR) than pain-free controls, suggesting hyperexcitability at the 
spinal cord in LE (Lim et al., 2012). This greater excitability of the spinal cord in LE might reflect 
central sensitisation via a range of mechanisms including accumulation of biochemical substance such 
as substance P or due to altered descending drive/inhibition from supra-spinal regions (see Section 2.4). 
Descending inhibition might influence sensory and motor signals at the level of the spinal cord. 
Previous work has shown less endogenous inhibition in individuals with LE, than pain-free controls 
assessed using the CPM method (for detailed explanation see Section 2.4) (Lim, 2013b). This suggests 
altered pain processing at supra-spinal regions.  
Findings from Study 4 (see Section 10.1 for brief summary), might reflect altered control at a 
supra-spinal level, to redistribute muscle activity from ECRB (a common wrist extensor) to EDC (a 
common finger extensor) to stabilise the wrist during gripping in individuals with LE, in a manner that 
contrasts the pattern used by pain-free controls. This modified activity will likely encompass positive 
and negative consequences or a combination of both. Our findings are consistent with previous work 
which has revealed a lower contribution of ECR to total EMG and a greater contribution of ECU during 
wrist extension (at 20, 50, and 80% MVC) in individuals who had recovered from LE compared to 
individuals with no history of elbow pain (Rojas et al., 2007). Reduced drive to ECRB might result from 
a reduced muscle force capacity secondary to structural deficits in the tendon (Study 3, see Chapter 7) 
and/or ECRB muscle (Ljung et al., 1999) or a persistent nociceptive stimulation/pain (see Section 2.4). 
This might be a purposeful solution by the CNS to reduce pain and prevent further injury. Greater EDC 
activation could be a strategy to unload/protect ECRB or might be a result of an altered wrist position 
during gripping (or vice versa i.e. altered wrist position result of greater EDC see Section 10.3). Apart 
from the potentially positive (at least in the short term) effects of de-loading the ECRB tendon, greater 
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EDC activity might compromise gripping capacity. For instance, grip strength will likely be reduced as 
the finger flexor muscles (FDS, FDP) are opposed by the finger extensors (EDC). Maximal force 
production is therefore limited to maximal EDC strength, which is significantly lower than maximal 
wrist extension strength (Alizadehkhaiyat et al., 2007). The greater activity of EDC might also reflect a 
potential for overuse injury. This proposal is supported by anatomical evidence that suggests EDC as the 
site of pathology in LE (Fairbank & Corlett, 2002). In addition, reduced drive to ECRB and greater 
drive to EDC might result in the less optimal wrist position during gripping that has been observed in 
previous work (Bisset et al., 2006b) and the data from Study 4, (see Chapter 8) when analysed with the 
shoulder at 90°, elbow extended (0°), and forearm pronated. The opposite might also be true; altered 
biomechanics could result in decreased drive to ECRB (for detailed interpretation of wrist biomechanics 
in LE during gripping refer to Section 10.3). Although, it is likely that greater activation of FDP is 
required to counteract a greater EDC activity (Study 4, see Chapter 8) when stabilising the wrist it is 
also possible that a greater EDC is required to counteract a greater FDP activity in LE (Study 4, see 
Chapter 8). The later proposal (i.e. a modified finger flexor activity in LE) might explain the second 
burst of FDS activity reported in Study 5 (see Chapter 9). 
An altered organisation of the motor cortex might be a consequence of an altered motor activity 
in individuals with LE (Studies 4 and 5, see Chapters 8 and 9). Recent evidence has shown functional 
and structural changes in the cerebral cortex (e.g. white matter and grey matter) in individuals with 
musculoskeletal pain (Mansour et al., 2013; Pelletier et al., 2015). Structural changes have been 
predictive of individuals who transition from acute to chronic back pain (Mansour et al., 2013). 
Persistent pain has been proposed to alter the organisation of the sensory and motor systems in LE, 
although longitudinal studies are lacking (Study 2, see Chapter 4). Less accurate perception of arm 
position has been shown in individuals with LE than pain-free controls (Juul-Kristensen et al., 2008). 
This might imply changes in the sensory cortex, which may have an impact on planning and execution 
of movement/motor function. Study 1 (see Chapter) identified a study showing less separation between 
the areas of greatest cortical excitability for ECRB and EDC, and fewer peaks of excitability in the 
cortical maps of these muscles in individuals with LE than pain-free controls (measured by cortical 
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mapping using TMS) (Schabrun et al., 2014). This is consistent with previous work showing greater 
overlap in the representation of deep and superficial trunk extensor muscles at the cerebral cortex (using 
TMS) in individuals with chronic low back pain than pain-free controls who have distinct separation of 
cortical representations of these muscles (Tsao et al., 2011). These findings might imply reorganisation 
of the motor cortex although the case-controls study design cannot dismiss the possibility that these 
changes were present prior to, or even contributed to the development of pain (LE or low back pain). 
Smudging of the motor cortex due to chronic pain, such as that identified in LE (Schabrun et al., 2014), 
is thought to represent a neuroplastic process (Pelletier et al., 2015). Neuroplasticity refers to the ability 
of the CNS (e.g. cerebral cortex) to change as a result of internal and external stimuli and changes in 
behaviour, environment, and emotions (Pascual-Leone et al., 2011). Although pain is a strong driver of 
neuroplasticity (Coderre, Katz, Vaccarino, & Melzack, 1993), neuroplastic changes can be motivated by 
motor learning/training (Boudreau et al., 2013). Less discrete cortical organisation might be related to 
less individualised control of muscles and/or a simplified motor control in chronic pain conditions. 
Again, without longitudinal studies it is not possible to infer cause or effect. Cortical reorganisation may 
be relevant for recurrence/persistence of pain and may be important to address with treatment. 
Muscle synergies are proposed as a strategy to coordinate activation of groups of muscles to 
reduce the degrees of freedom controlled by the central nervous system (d'Avella & Bizzi, 2005; 
Overduin et al., 2012; Ting & McKay, 2007). Muscle synergies provide a measure of coordination of 
motor output that may be mediated at multiple levels of the nervous system. Consistent with a 
simplified motor control strategy, the findings from Study 5 (see Chapter 9) revealed a small but 
statistically significant alteration of muscle synergies in the LE group contrasted to pain-free controls. 
This was characterised by less variation explained for by the muscle synergies of individuals with LE 
than pain-free controls during gripping. Despite a reasonable reconstruction of muscle synergies for the 
entire LE group, individual data revealed a VAF of < 80% in approximately half the LE group (42%) 
and only 1 individual in the pain-free control group (7%). This finding shows greater variation in the 
muscle synergies of these individuals in the LE group compared to the pain-free controls. This finding is 
consistent with an observation of a burst of muscle activity of the FDS muscle during the release phase 
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of the grip in over half the individuals with LE (58%) but only a quarter of the pain-free controls (28%). 
These data might suggest that less variation explained for by the muscle synergies in the LE group than 
pain-free controls is related to changes of individual motor patterns. The use of NMF to analyse muscle 
synergies between groups extracted the timing of EMG patterns to identify the weight of each muscle in 
the synergy (Chapter 9, see Section 9.2.5). As such, this analysis does not consider the amplitude of 
muscle activity (i.e. magnitude of muscle activation) during the task. Muscle amplitude and muscle 
timing are proposed to be controlled independently (Scott Kelso et al., 1979; Weijs et al., 1999), thus it 
is possible that difference in amplitude between groups were present. This is consistent with the findings 
of Study 4 revealing a lower contribution of ECRB to total EMG and a greater contribution of EDC to 
total EMG (see Chapter 8). Although the findings between Study 4 and 5 show consistency, there are 
also subtle differences (e.g. altered control of EDC and FDP in Chapter 8 and altered control of FDS in 
Chapter 9). The differences in observations between Study 4 and 5 might be due to differences in task 
(rapid vs. static isometric grip), and outcome measures (contribution to summed EMG vs. non-negative 
matrix factorisation). In addition, not all subjects participated in both studies, thus individual differences 
in activation pattern may contribute. 
 
10.3. Implications of this thesis for the understanding of the control of wrist position in 
lateral epicondylalgia 
The position of the wrist in terms wrist flexion and extension in the sagittal plane, during 
gripping in individuals with unilateral LE and pain-free controls was assessed in Study 4 and 5 (see 
Chapter 8 and 9). Study 5 (see Chapter 9) found no significant differences in wrist position, although 
muscle synergies were different between groups, during a dynamic gripping task. Study 4 (see Chapter 
8) identified that individuals with LE gripped with less wrist extension (i.e. the wrist closer to neutral) 
than pain-free controls, when wrist position was analysed in one position (shoulder 90º of flexion, elbow 
extended (0º), and forearm pronated), but not when all four upper limb positions were included in a 
single analysis. A consideration of these findings is the lack of investigation of other planes of 
movement (e.g. frontal plane, ulnar and radial deviation). Taking this into consideration, 3D motion 
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analysis would likely be required to fully understand the wrist position during gripping. Previous work 
has shown that individuals with unilateral LE grip with less wrist extension, bilaterally, during a static 
isometric pain-free grip, than controls without elbow pain (Bisset et al., 2006b), but no work has 
investigated a dynamic gripping task. The changes in wrist position were identified with the limb in the 
same position as Study 4 (shoulder in 90° of flexion, the elbow extended (0°), and forearm pronated, see 
Chapter 8) (Bisset et al., 2006b). The study by Bisset et al. (2006b) included a larger sample size (n = 40 
in each group, unilateral LE and pain-free controls) than Study 4 (see Chapter 8) (n = 15 in each group, 
unilateral LE and pain-free controls). This may suggest that Study 4 (see Chapter 8) was likely 
underpowered to detect differences between groups when analysing all positions. The study by Bisset et 
al. (2006b) required participants with unilateral LE to stop gripping at the first onset of pain (commonly 
referred to as pain-free grip). As anticipation/fear of pain alters neuromuscular control (Lindstroem et 
al., 2012), changes in wrist position in that study might be reflective of a pain avoidance strategy. 
It is important to note that no longitudinal studies have been completed and the cross-sectional 
design of Studies 4 and 5 (see Chapter 8 and 9, respectively), as well as previous evidence (Bisset et al., 
2006b), does not allow the interpretation of whether the changes in wrist position are a cause or 
consequence of LE.  
From the perspective of less wrist extension as a consequence of LE, there are several possible 
explanations for the adaption of wrist position. First, studies have identified significantly less maximal 
wrist extensor force, bilaterally, in individuals with unilateral LE than pain-free controls 
(Alizadehkhaiyat et al., 2007). The findings might reflect that weakness of the wrist extensor muscles in 
individuals with LE compared to pain-free controls, limits the ability of the wrist to remain in extension. 
Second, evidence has shown greater activity of EDC (expressed as a proportion of maximum EMG) 
during gripping with the wrist in a neutral position than an extended position in pain-free individuals 
with no history of musculoskeletal disorders (Mogk & Keir, 2003b). Changes in wrist position observed 
in LE, might represent a purposeful strategy from the CNS to increase the activation of EDC. A greater 
contribution of EDC to total EMG was identified in Study 4 (see Chapter 8), although wrist position was 
only significant when analyzed in one position (see Section 8.3.1). Third, the selection of a wrist 
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position closer to neutral has also been shown to alter the efficiency of forearm muscle activity (Loren et 
al., 1996). Previous work has shown that ECRB is most efficient with the wrist in an extended position 
and ECU is most efficient with the wrist in a neutral position (Loren et al., 1996). Changes in wrist 
position might allow a redistribution of muscle activity based on the length-tension properties of the 
muscle in different positions. Fourth, a more flexed wrist position might also allow a greater passive 
tension from lengthening of the extensor muscles/tendons (Greene & Roberts, 2005). This greater 
passive tension from an altered wrist position might assist the stability of the wrist against the flexion 
moment caused by activation of the finger flexors during gripping. A consequence of this strategy (i.e. 
greater tension in the extensor muscles/tendons) is greater slack in the wrist and finger flexor muscles. 
This might explain in a slower rate of force development in individuals with LE than pain-free controls 
(Chourasia et al., 2012), as an increase slack in the tendon would require a longer time to convert the 
contraction of the muscle to the force exerted on the bone. Taken with our data these explanations 
suggest an altered wrist position might be used by the CNS to alter the contribution of forearm muscles 
possibly in order to reduce pain/further injury (e.g. reduce contribution of ECRB and increase the 
contribution of other muscles e.g. EDC Study 4, see Chapter 8).  
Changes in wrist position during gripping will likely result in both positive and negative 
consequences for grip force production. For instance as previously discussed one benefit of a modified 
wrist position during gripping is to alter the contribution of forearm muscles (Study 4, see Chapter 8). 
This might be due to weakness and/or structural pathology and/or pain provocation or on the other hand 
cause weakness/structural pathology through disuse/stress shielding (see Section 10.2.1). Gripping 
outside of the optimal range (see Section 2.5) would likely place the finger flexor muscles in a sub-
optimal position according to their length-tension properties. This would reduce their maximum force 
output and likely result in decrease grip strength.  
Changes in wrist position during gripping might have been present prior to development of LE 
and could play a role in the development of the condition. First, greater activity of EDC (as a proportion 
of maximum) in pain-free individuals during gripping with the wrist in a neutral position as opposed to 
an extended position (Mogk & Keir, 2003b), might support the argument for an overuse of EDC being 
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the source of symptoms in individuals with LE (Fairbank & Corlett, 2002). Second, changes in wrist 
position from extension to neutral during gripping (see in LE compared to pain-free controls (Bisset et 
al., 2006b)) change the efficiency of muscles (Loren et al., 1996). This is characterized by a greater 
efficiency of ECRB with the wrist extended and a greater efficiency of ECU with the wrist in neutral 
(Loren et al., 1996). As both of these muscles (i.e. ECRB and ECU) attach to the lateral epicondyle via 
the common extensor tendon (Saladin, 2011), this altered efficiency of muscle activity, might cause an 
uneven distribution of tension through the common extensor tendon, resulting in stress shielding (for a 
more detailed explanation of stress shielding see section 10.2.1). Further investigation including 
longitudinal studies is required. 
 
10.4. Implications of this thesis for the understanding of bilateral motor system differences 
in lateral epicondylalgia 
Study 2 (see, Chapter 4) was a systematic review that identified differences between features of 
sensory (e.g. pain thresholds) and motor (e.g. reaction time, speed of movement) system function on the 
asymptomatic side of individuals with unilateral LE and pain-free controls. No longitudinal studies were 
identified in this review, thus, it is not possible to establish if differences between the asymptomatic arm 
of individuals with unilateral LE and pain-free controls were present prior to, possibly even contributing 
to development of LE, or were a consequence of LE.  
In LE, changes in motor control including sensorimotor tasks and kinematics are not isolated to 
the side of pain. For instance, compared to pain-free controls, individuals with unilateral LE have 
shown; an altered wrist position bilaterally during gripping (Bisset et al., 2006b); bilateral deficits in 
strength (e.g. grip, wrist extension, wrist flexion) (Alizadehkhaiyat et al., 2007); an altered dexterity 
bilaterally (assessed by the Perdue Pegboard Test, and Complete Manual Dexterity Test) (Skinner & 
Curwin, 2007); and a slower reaction time and speed of movement bilaterally (Bisset et al., 2006b; 
Pienimäki et al., 1997) (Study 2, see Chapter 4). This evidence can be argued to suggest that the CNS 
might select a generic and protective motor control strategy, available bilaterally, regardless to the side 
of pain. Not all motor control changes in unilateral LE occur bilaterally, with evidence of a slower rate 
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of force development (Chourasia et al., 2012) and less maximal grip force (Slater et al., 2005) in the 
symptomatic arm but not the asymptomatic arm of individuals with unilateral LE than pain-free 
controls. This might suggest that different motor tasks are affected uniquely. For instance rate of force 
development and maximal grip force production might reflect a direct result of pain inhibition/reflex 
inhibition. This proposed mechanism does not account for differences in maximal wrist extension 
strength observed bilaterally (Alizadehkhaiyat et al., 2007), which would likely cause symptom 
reproduction as well. Other sensorimotor measures that are not directly associated with pain provocation 
yet still appear bilaterally (e.g. slower reaction time and speed of movement (Bisset et al., 2006b; 
Pienimäki et al., 1997), might be mediated by changes in the nervous system, or the severity of 
symptoms.  
Potential changes in the peripheral and central nervous system, might underpin bilateral changes 
in muscle activity (observed in Study 4, see Chapter 8). Although structural changes of the common 
extensor tendon (identified with MSUS imaging) did not differ between the asymptomatic arm of 
individuals with unilateral LE and pain-free controls (Study 3, see Chapter 7), the muscle activity 
between the two groups did differed (Study 4, see Chapter 8). The lack of nociceptive stimulation/pain 
in the asymptomatic arm coupled with tendon abnormalities that are no greater than that of pain-free 
controls (Study 3, see Chapter 7), suggests that peripheral mechanism might not entirely explain the 
identification of bilaterally altered muscle activation (i.e. greater EDC and FDP activation, Study 4, see 
Chapter 8). Further research is required to investigate other peripheral possibilities (e.g. altered 
mechanoreceptors, and muscle pathology).  
Previous work has suggested that bilateral changes in individuals with unilateral 
musculoskeletal disorders might be associated with a reorganisation of the motor cortex (Pelletier et al., 
2015). Previous work mapping the cortex of individuals with unilateral LE did not investigate the 
contralateral hemisphere (Schabrun et al., 2014). Another study using TMS to map the motor cortex 
bilaterally, in individuals with chronic unilateral low back pain, identified differences in the organisation 
of the trunk extensor muscles, compared to pain-free controls (Tsao et al., 2011). Interestingly, this 
finding appeared bilaterally (i.e. in both hemispheres) despite the inclusion of participants with only 
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unilateral pain (Tsao et al., 2011), however the case-control study design doesn’t allow the interpretation 
of cause or effect.  
Although, our findings of bilateral changes in forearm muscle activity (i.e. greater contribution 
of EDC and FDP to total EMG, bilaterally (Study 4, see Chapter 8)) are supported by previous work as 
detailed above, further investigation is required to understand the organisation of the motor cortex in 
individuals with LE and other musculoskeletal disorders.  
 
10.5. Clinical implications 
The overarching implication of this thesis is the importance of considering not only the patient’s 
pain (sensory system) but also the patient’s function, and muscle coordination in the assessment and 
management of LE. As highlighted above a finding of potential clinical importance form several studies 
of this thesis is that of bilateral differences in the sensory and motor system between individuals with 
unilateral LE and pain-free controls This highlights that outcome measures are unlikely to be 
meaningful when compared to the asymptomatic side of individuals with LE. More insight might be 
gained from comparison to normative values from individuals without a history of musculoskeletal 
disorders, but research into the normative values needs to be completed. MSUS examination can be 
used in the assessment of the condition but should be used alongside a thorough clinical examination, as 
there is a high prevalence of tendon abnormalities in asymptomatic tendons with no association with 
elbow symptoms (Study 3, see Chapter 7). This suggestion is consistent with previous work 
investigating the accuracy of MSUS to diagnose LE. A high sensitivity (90%) and a low specificity 
(47%) suggests that MSUS imaging aids in confirming the absence of LE but is not accurate a 
confirming the presence of LE (due to the high number of false positives) (Heales et al., 2014a).  
Evidence of less strength (Alizadehkhaiyat et al., 2009), altered muscle activity (Rojas et al., 
2007), and different sensorimotor function (Bisset et al., 2009) in individuals who have recovered from 
LE (with conservative treatments), when contrasted to data for pain-free controls with no history of 
elbow symptoms, trauma, or treatment, requires attention. These observations highlight four alternative 
explanations; 1) current clinical treatments might not adequately address motor system impairments and 
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this may render patients susceptible to recurrence, 2) current treatments that focus on the local 
pathology fail to modify motor system impairments, 3) that motor system impairments are present prior 
to, or even contribute to the development of LE, or 4) these findings are an epiphenomenon (i.e. present 
but unrelated to symptoms). Regardless of the explanation or consequence of persistence of 
sensorimotor changes after recovery of pain, these data implies patients with LE may benefit from 
management of the motor system.  
The findings of a greater contribution in the finger extensors (EDC) and lower contribution in 
the wrist extensors (ECRB) relative to total EMG in Chapter 8 (Study 4), suggest that individuals with 
LE favour the use of the EDC muscle rather than the ECRB during gripping, which is likely detrimental 
to the task. Targeted individualised exercises might be required to address this issue. To restore the 
activation of ECRB it might be beneficial to improve the activation of this muscle while reducing the 
activation of EDC. Several techniques can help to activate an inactive muscle. First, motor learning 
induces neuroplastic changes within the brain (Boudreau et al., 2013). Exercises that focus on activation 
of the ECRB muscle whilst limiting activation of EDC might prove beneficial. A randomised controlled 
trial has used exercises which focus on wrist extension while maintaining finger flexion in order to 
minimise EDC involvement (Coombes et al., 2009b). Second, education about the correct wrist position 
(i.e. approximately 35º of extension (O'Driscoll et al., 1991)), might also increase the activation of 
ECRB, as this muscle is more efficient in wrist extension (Loren et al., 1996). Gripping in a more 
extended position instead of a neutral position (commonly seen in individuals with LE) might also 
reduce the activation of EDC as seen in pain-free controls (Mogk & Keir, 2003b). Therapeutic 
techniques, such as taping, might be useful as a feedback to promote correct wrist position during 
gripping. Third, it might be beneficial to improve the activation of ECRB (Study 4, see Chapter 4). The 
use of functional electrical stimulation, which is a technique aimed at improving the innervation of 
muscle (Ferrari De Castro & Cliquet Jr, 2000), might also be used to stimulate ECRB. Although no 
studies directly assess the innervation of ECRB in LE, there is evidence of moth eaten fibres and fibre 
necrosis of the ECRB muscle (Ljung et al., 1999), which might provide evidence of an altered 
innervation of ECRB. Careful selection of electrode placement would need to be considered to minimise 
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the activation of surrounding muscles. Fourth, clinicians could minimise the activation of other forearm 
muscles (i.e. EDC Chapter 8 (Study 4) and ECU (Rojas et al., 2007)) to help restore neuromuscular 
control. Techniques to limit the activity of EDC might include botulinum toxin (botox) injected into the 
muscle. Previous work revealed positive results in a randomised placebo-controlled trial investigating if 
botox could reduce pain in individuals with LE (Espandar et al., 2010). Forty participants with LE were 
randomised to receive either a botox or a placebo injection into the wrist extensor muscles EDC and 
ECU. At follow-up pain was reduced in the botox group and maximal grip strength was no different 
between groups (Espandar et al., 2010).  
 
10.6. Implications for future research 
This findings of this thesis highlight several issues that could be considered when designing 
future studies investigating motor system impairments in LE. First, we did not test differences between 
sexes because this was not an objective of our studies, and we do not have adequate power to address 
this. Additionally we did not investigate differences between activation in the dominant and non-
dominant arm but believe this was accounted for with both arms represented in our studies. Further 
studies with larger sample sizes might like to address the issues of sex and arm dominance. Second, the 
finding of sensory and motor system differences in the asymptomatic (contralateral) arm of people with 
unilateral tendinopathy, highlights that a pain-free control group, with no history of musculoskeletal 
pain, should be included for comparison rather than comparison with the asymptomatic arm. Data from 
the asymptomatic side will likely aid in the understanding of the systemic involvement of the central 
and peripheral motor systems, but cannot be considered to be a reference for “normal” function, thus the 
inclusion of a pain-free control is recommended. Third, a high prevalence of structural changes within 
the tendons of asymptomatic individuals (using MSUS examination) identified within Study 3 (see 
Chapter 7), and previous work (Jaén-Díaz et al., 2010; Ustuner et al., 2013), complicates the view of 
what is considered “normal” tendon structure. The inclusion of participants based only on the structural 
pathology within the tendon will likely limit the generalisability of future research. In support, a recent 
study revealed that 96% of asymptomatic men with no previous history or shoulder symptoms or trauma 
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had musculoskeletal pathology (e.g. bursal thickening, tendinosis) identified with MSUS imaging 
(Girish et al., 2011). Fourth, meta-analysis of previously published studies was not possible due to 
variation in the outcome measures and tasks assessed (Study 1, see Chapter 3). Future studies could 
consider replicating previous methods to allow for meta-analysis, as this would strengthen conclusions 
and greatly improve the understanding in regards differences in the motor system between individuals 
with LE and pain-free controls. Fifth, investigating the activation of muscles during different 
occupational and recreational tasks (e.g. using a knife, or wrench, or playing a racquet sport) in 
individuals with LE and pain-free controls, will allow researchers to establish whether the observed 
changes in this thesis are present across a range of tasks and not confined just to gripping tasks studied 
here. Sixth, longitudinal studies are required to determine if motor system impairments precede or result 
from LE.  
 
10.7. Methodological considerations  
Although the strengths and limitations pertaining to each study have been highlighted within the 
respective chapters, this section addresses an overview of some of the more important issues that require 
consideration.  
10.7.1. Systematic reviews  
The search strategy used for the systematic reviews included within this thesis (Chapter 4 and 
5), were only completed by one investigator (LH), which increases the risk of selection bias or missing 
potential studies. Although this might be considered a limitation of this thesis, by the very nature of a 
systematic search (i.e. systematically searching for documents using pre-established search terms, and 
inclusion/exclusion criteria) this potential bias was minimised. The quality of the included studies also 
varied greatly. The inclusion of low quality studies within the systematic reviews might impact on the 
robustness of the conclusions drawn from the systematic review. Despite this, the reviews clearly 
highlighted the gaps in the literature and provide a concise evaluation of current knowledge. 
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10.7.2. Selection of participants  
All clinical examinations and data collection was completed by a single investigator (LH). A 
limitation of this approach is the possibility for bias, as the assessor could not be blinded to the group 
allocation (LE vs. controls) during data collection. A standardised inclusion criteria (i.e. pain >6 weeks, 
which was provoked by palpation over the lateral epicondyle, resisted wrist and middle finger extension 
and gripping) was employed prior to the recruitment of participants in order to minimise the inclusion of 
any conditions other than unilateral LE, leading to a more homogenous group. Although this is a 
strength of the study design, many individuals with LE have other concomitant conditions such as neck 
and arm pain. As people with this presentation were excluded from the study this limits ability to 
generalise these findings to the wider LE population. A strength of the research design was the inclusion 
of age-, sex-, and arm dominance-matched controls with no history of LE or other elbow pain (Chapter 
7, 8, and 9). The inclusion of matched controls limits some key potential confounders when analysing 
the data and strengthens the validity of the findings. Another consideration of this thesis is the inclusion 
of the a single group of participants for investigation of both the contribution of forearm muscle activity 
to a static gripping task (Chapter 8) and changes in the synergistic organisation of motor coordination 
during dynamic gripping (Chapter 9). This provides the opportunity to contrast the findings of both 
methods directly as they are the same sample of participants.  
10.7.3. Sample size and data analysis 
Although, studies 4 and 5 involved small sample sizes, they were comparable with previous 
work in the same field (Alizadehkhaiyat et al., 2007; Kelley et al., 1994). An a-priori power calculation 
was not completed for each study as the measures were novel and no data were available. The small 
sample size increase the chance of a type II error (i.e. failure to find a difference that is actually there). 
This was particularly a problem for statistical models that included multiple within and between group 
comparisons (e.g. wrist angle Chapter 8). Additionally, in Chapter 8 a large number of analyses on 
muscle activity was performed, which might increase the risk of producing a type I error (i.e. 
identification of a significant difference which is not real).  
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10.7.4. Research design features 
Chapter 7 blinded the sonographers to group allocation (LE or control) during the MSUS 
examination. This limits the ability for bias when interpreting condition of the tendon. Despite using 
MSUS imaging to assess for changes within the tendon in all participants in Chapters 8 and 9, we 
decided not to include the results of the MSUS examination as part of the inclusion criteria but include 
participants into the study based on the results of a clinical diagnosis using a standardised clinical 
examination, in line with previous major randomised controlled trials (Bisset et al., 2006a; Coombes, 
Bisset, Brooks, Khan, & Vicenzino, 2013). Although MSUS imaging identifies the presence or absence 
of greyscale features and neovascularisation within the tendon, results of Study 3 (see Chapter 7) and 
evidence from others has shown a high percentage of individuals with no history of pain, trauma, or 
treatment have tendon changes visible with MSUS imaging (Cook et al., 1998; Fredberg & Bolvig, 
2002; Giombini et al., 2013; Heales et al., 2014a; Jaén-Díaz et al., 2010; Ustuner et al., 2013). Finally, 
due to the case-control study design implemented within this thesis it is not possible to determine 
whether differences in the motor system are associated with the cause or as a consequence of LE. 
Longitudinal prospective studies are required to identify whether differences in the motor system 
between individuals with LE and pain-free controls are related to the development of pain.  
 
10.8. Future research directions 
This thesis provides a first step towards establishing differences in motor system function 
between individuals with and without unilateral LE during gripping. The MSUS imaging in Chapter 7 
(Study 3), provides baseline data in relation to tendon pathology with the possibility for longitudinal 
follow-up of both LE participants and pain-free controls. This data would be useful to determine 
whether tendon pathology of the common extensor tendon is, at least in part, associated with the 
development of symptoms of lateral elbow pain. This longitudinal approach would enable evaluation of 
whether changes within the tendon with LE, identified with MSUS examination, predict the 
development of symptoms, as has been investigated for other tendons (Achilles and patellar) which 
already have prospective follow-up studies (Fredberg & Bolvig, 2002; Giombini et al., 2013).  
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Chapter 8 (Study 4) identified a lower contribution of ECRB EMG relative to the sum of all 
EMG on the symptomatic side and a greater contribution of EDC, bilaterally, in individuals with LE 
than pain-free controls. Future studies are required to investigate whether motor learning can increase 
ECRB activity while minimising the activity of EDC. This would establish a first step towards 
investigation of whether these exercises might be helpful for modification of activation of ECRB in 
individuals with LE. Randomised controlled trials comparing these exercises against other conservative 
treatments (i.e. isokinetic exercises) are then required to assess whether such exercises provide 
additional benefit. Treatment studies should also consider whether current well documented treatments, 
such as lateral mobilisation with movements (MWMs) and exercise, changes patterns of motor activity, 
assessed with EMG, and changes with the tendon, assessed with MSUS examination.  
Although LE has been conventionally considered to be a local tendon pathology, there is 
growing evidence for more widespread changes including the contralateral side and changes in the 
nervous system. Future research might use TMS to map the asymptomatic side of the cerebral cortex to 
identify whether the altered motor representation in the cortex of individuals with LE (Schabrun et al., 
2014) appears bilaterally. Longitudinal studies might like to consider whether the motor representation 
using TMS is associated with the development of LE. 
 
10.9. Conclusion 
The five studies in this thesis provide evidence of differences in the motor system between 
individuals with and without unilateral LE. Despite the unilateral nature of the LE symptoms, the results 
of these studies provide evidence of some bilateral motor system differences between groups, through 
meta-analysis of previous work, and case-control studies. This thesis highlights bilateral differences in 
neuromuscular control of forearm muscles during a low-load gripping task. A key finding was a lower 
contribution of ECRB to the gripping task in the symptomatic arm and a greater contribution of EDC 
and FDP bilaterally during the gripping task. In addition individuals with LE showed a greater variance 
in the organisation of muscle synergies than pain-free controls. Overall this thesis provides evidence of 
an altered coordination of muscle activity in individuals with unilateral LE.  
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